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Summary 
 
This thesis deals with the preparation of alternating poly(amide urethane)s which 
might be of interest for the manufacture of powder coatings. The synthesis of 
poly(amide urethane)s was performed without using isocyanates or phosgene. The 
starting materials for the synthesis were e-caprolactam, amino alcohols, and carbonic 
acid derivatives, i.e. diphenyl carbonate and ethylene carbonate as substitutes for 
phosgene.  
The first series of alternating poly(amide urethane)s was prepared from e-
caprolactam, amino alcohols, and diphenyl carbonate in three steps. Polycondensation 
of a-hydroxy-w-O-phenyl urethanes was performed at 90 or preferably at 120 °C. The 
degree of oligomerization was adjusted by the monomer conversion. In order to 
prepare oligomers with hydroxy and carboxy groups at both chain ends suitable for 
coupling reactions, chain analogous reactions were performed with amino acids and 
amino alcohols. 
The second series of poly(amide urethane)s were prepared from e-caprolactam, amino 
alcohols, and ethylene carbonate. Polycondensation of a-hydroxy-w-O-hydroxyethyl 
urethanes was performed at 150 °C. It has to be mentioned that the use of carbon 
dioxide for the preparation of polymers is an excellent option from an economical and 
especially from an ecological point of view, because ethylene oxide is prepared from 
ethylene oxide and carbon dioxide. 
The microstructure of the polymers of the both series and the nature of end groups 
was determined by means of 1H NMR spectroscopy and the molecular weights were 
determined by means of gel permeation chromatography. The poly(amide urethane)s 
of both series prepared are semicrystalline with melting points between 150 and 
200 °C.  
On comparison of both series, it was found that the rate of polycondensation of the 
a-hydroxy-w-O-phenyl urethanes is higher than that of a-hydroxy-w-O-hydroxyethyl 
urethanes. The microstructure of the resulting poly(amide urethane)s differs by the 
content of urea groups in the polymer chains, which is app. 5% for poly(amide 
urethane)s prepared from a-hydroxy-w-O-phenyl urethanes and 15% for poly(amide 
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 VIII 
urethane)s prepared from a-hydroxy-w-O-hydroxyethyl urethanes. As a consequence, 
the thermal properties of the poly(amide urethane)s differ slightly.  
An attempt was made to prepare poly(amide urethane)s using dimethyl carbonate 
instead of diphenyl carbonate or ethylene carbonate. The dimethyl carbonate does not 
lead to selective reaction, therefore, it is not an alternative reagent for the preparation 
of poly(amide urethane)s. 
Alternatively,  we developed a different route to synthesize alternating poly(amide 
urethane)s using e-caprolactone, diamines and diphenyl carbonate. The thermal 
properties of these polymers were compared with poly(amide urethane)s obtained 
from e-caprolactam, amino alcohols and diphenyl carbonate. 
In order to achieve desired thermal properties of polymers, three series of 
copoly(amide urethane)s were synthesized using different molar ratios of the 
respective monomers.  
PhO N
H
(CH2)5
H
N
(CH2)2
OH
O
O
PhO N
H
(CH2)5
H
N
(CH)3
OH
O
O
Copoly(amide urethane)s
+
PhO N
H
(CH2)5
H
N
(CH2)3
OH
O
O
PhO N
H
(CH2)5
H
N
O
O
OH
CH3
+
Copoly(amide urethane)s
PhO N
H
(CH2)5
H
N
(CH2)3
OH
O
O
+
PhO N
H
(CH2)3
N
H
(CH2)5
OH
O O
Copoly(amide urethane)s
I II
II III
II IV
 
1H and 13C NMR analyses of each purified copolymer reveal a regular microstructure 
comprising alternating amide and urethane linkages. 1H NMR analysis of the 
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copolymers reveals that the ratios of repeating units in the copolymers are in 
agreement with the monomers ratio used in the feed. 
Recently, there has been some interest in vinyl containing reagents or compounds for 
coating materials due to their high reactivity. From the same point of view, the 
synthesis of a-N-vinylamino-w-alcohol was proposed using N-vinyl e-caprolactam 
and amino alcohols. 
The synthesis of a-N-vinylamino-w-alcohol cannot be achieved using N-vinyl e-
caprolactam (Structure V) with amino alcohols, however. N-Vinyl e-caprolactam (V) 
has two nucleophilic centres, i.e., a and b, in which b is more nucleophilic than a. 
Therefore, a nucleophile attacks at position b not at a, and it is followed by the 
formation acetals, e-caprolactam and a-hydroxy-w-amino amides.   
   
N
CH2
O
a b
V  
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1 Introduction 
This thesis mainly deals with the preparation of high quality semicrystalline urethane 
groups containing polymers without using isocyanates or phosgene, which can be 
used for powder coating resins. Therefore, it is necessary to focus on three points, i.e., 
on powder coatings, on the conventional synthesis of polyurethanes and urethane 
groups containing polymers using isocyanates or phosgene, and on the new 
development in polyurethane chemistry promoted mainly by non- isocyanate and 
phosgene free routes. 
1.1 Powder coatings 
The use of powder coatings is growing day by day. The worldwide production of 
powder coatings was estimated to be about 527,000 metric tons per year1. 
Powder coatings are coatings from solid components which are melt mixed. Insoluble 
components like pigments are dispersed in the matrix of the binder components. Then, 
the formulation is pulverized on a substrate and finely fused to become a continuous 
film. Binders for thermosetting powder coatings consist of a mixture of the primary 
resin and a cross- linker2. Several classes of powder coatings were established: epoxy, 
hybrid, polyester, acrylic, and UV-curable coatings. 
Table 1.1 summarizes the details of binders and their respective cross- linkers. 
1.1.1 Epoxy powder coatings 
Epoxy resins are the first kind of resins used in powder coatings and still represent the 
largest class of thermosetting powder coatings. In an epoxy coating, a bisphenol A or 
a novolac epoxy resin is cross-linked with polyamines or anhydrides3.  
Bisphenol A (BPA) epoxies are generally obtained by reacting BPA with 
epichlorohydrin (ECH)4 to achieve glycidyl ether end groups. The polymers may be 
represented by the general formula 1, where the molar ratio of ECH to BPA 
determines the average n value.  
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Table 1.1: Classes of thermosetting powder coatings. 
Common name Binders Cross-linkers 
Epoxy coatings Bisphenol A epoxy 
Novolac epoxy 
Polyamines 
Anhydrides or phenolics 
Hybrid coatings Polyesters with COOH 
end groups 
Bisphenol A epoxy 
Polyester coatings Polyesters with COOH 
end groups 
Polyesters with OH end 
groups 
Triglycidylisocyanurate 
 
Blocked isocyanates 
Acrylic coatings Epoxy functional acrylics 
Hydroxy functional 
acrylics 
Dicarboxylic acids 
Blocked isocyanates 
UV-curable 
coatings 
 
Acrylate functional resins 
Epoxy functional resins 
Free radical 
Cationic 
 
 
 
C
CH3
CH3
OCH2CHCH2O
n
Bisphenol A Epoxy Resins 1
OH
 
 
Epoxy resins are also made by reaction of o- or p-cresol- formaldehyde novolacs with 
ECH5. The resulting novolac epoxy resins are useful in applications where more than 
two epoxy groups per molecule are desirable. A general structure of novolac epoxies 
is shown in formula 2. 
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H2
C
O
H2C
O
H2C
H
C CH2
O
H
C CH2
O
H
R Rn
Epoxy Novolac Resin 2  
  
Epoxy powder coatings have good mechanical properties, adhesion, and corrosion 
protection. They are used in many applications, i.e., decorative types include 
institutional furniture, shelving, and tools. Protective epoxy coatings include many 
applications for pipes, rebars, electrical equipment, primers, and automotive 
underbody parts.  
1.1.2 Hybrid powder coatings 
In hybrid coatings, polyesters with carboxylic acid end groups are cross- linked by an 
epoxy cross- linker. Such formulations are called hybrid powder coatings, and they are 
intermediate between epoxy and polyester coatings. Most of the polyester resins are 
derived from neopentyl glycol and terephthalic acid with a small amount of other 
monomers to adjust the glass transition temperature and to introduce branching which 
increases the functionality above two 6. 
Hybrid coatings have better color retention and UV resistance than epoxy powder 
coatings. Hybrid coatings are used in many applications, i.e., water heaters, fire 
extinguishers, radiators, and transformer covers7. 
Powder coatings containing carboxylic acid terminated polyesters have poorer flow 
properties than hydroxy terminated polyesters8. 
1.1.3 Polyester powder coatings 
Triglycidylisocyanurate (TGIC) 3 has been widely used as a cross- linker for 
carboxylic acid-terminated polyesters with basic catalysts, which is a solid 
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trifunctional epoxy cross- linker, and the presence of three functional groups results in 
higher cross- link density than obtained with BPA epoxy resins9. 
  
N
N
N
O
OO
Triglycidylisocyanate 3
O
O
O
 
 
Typical binders contain 4 to 10 wt.-% TGIC and 90 to 96 wt.-% of carboxylic acid 
terminated polyesters. The polyesters used are generally less branched than those used 
in hybrid coatings because of the higher functionality of TGIC than BPA oxides6. 
TGIC based powder coatings have good exterior durability and mechanical properties. 
Applications of their uses are outdoor furniture, farm equipment, fence poles, and air 
conditioning units. 
However, there is a concern that the use of TGIC may present toxic hazards. Partly as 
a result, tetra(2-hydroxyalkyl)bisamides were introduced as cross-linking agents for 
carboxylic acid terminated polyesters in exterior durable coatings 10. These coatings 
also have good mechanical properties and flow. 
In polyester coatings, blocked isocyanates are also used as cross-linkers with 
polyesters containing hydroxy end groups. Blocked isocyanate-polyester powder 
coatings generally show better flow than most powder coatings, because the unreacted 
cross- linkers or blocking agents released upon unblocking are good plasticizers. 
Applications of their uses are automobile wheels, lighting fixtures, garden tractors, 
fence fittings, and playground equipment11. 
Derivatives of isophorone diisocyanate (IPDI) 4, bis(4- isocyanatocyclohexyl) 
methane (H12MDI) 5, and tetramethylxylidene diisocyanate (TMXDI) 6 are examples 
of blocked isocyanates that are solid 12,13. 
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NCO
CH2 NCO
CH3
H3C
H3C
Isophorone diisocyante (IDPI) 4
C NCO
CH3
H3C
C NCO
CH3
CH3
Tetramethyl-m-xylidene diisocyante (TMXDI) 6
H2
C NCOOCN
Bis(4-isocyanatocyclohexyl) methane (H12MDI) 5
 
1.1.4 Acrylic powder coatings 
In acrylic coatings, the epoxy or hydroxy functional acrylic binder is cross- linked 
with dicarboxylic acids such as dodecanedioic acid (HOOC(CH2)10COOH)14, or 
blocked isocyanates15. Acrylic powder coatings generally have superior detergent 
resistance and are used for applications such as washing machines.  
1.1.5 UV-curable powder coatings 
UV-Curable coatings contain acrylic functional groups or epoxy functional groups, 
which are cross- linked via free radical or cationic mechanism. Radiation cure coatings 
cross- link via reactions initiated with radiation rather than heat. These coatings have 
the potential advantage of being stable when stored in the absence of radiation, and 
cross- linking occurs at ambient temperature on exposure to radiation16,17.  
In powder coatings, it is necessary to control the balance of binder Tg, ,nM ,nf  and 
reactivity18. If Tg of a coating is high enough, sintering can be avoided. However, low 
Tg promotes coalescence and leveling at the lowest possible temperature. Short baking 
times at low temperatures are possible if the resins are highly reactive and if the 
baking temperature is well above Tg of the final cross- linked film. However, such 
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compositions may cross- link during extrusion, and the rapid viscosity increase as the 
particles fuse in the oven limits the ability of the coating to coalesce and level19. 
Two different factors control Tg of the resins; (i) chemical composition and (ii) 
molecular weight. It has been reported to use higher molecular weight, and hence 
more flexible resins since these might have adequate package stability, and also flow 
more easily during baking than a low molecular weight resin of similar Tg that has 
more rigid chains20. 
Differential scanning calorimetry (DSC) is a powerful tool for Tg determination and 
cure response. Therefore, it is often used for studying powder coatings21.  
The goal of our investigation is the synthesis of polyurethane primary resins as an 
alternative to polyester primary resins with suitable end groups (hydroxy or 
carboxylic acid end groups) and suitable polymer architectures. Another part of our 
investigation concerns the use of these polymers as blocked isocyanate cross- linkers. 
An important aspect of the synthesis is that no isocyanates and no phosgene are used 
for the preparation of the polyurethanes.  
1.2 Polyurethanes 
O. Bayer, A. Hoechen, P. Hoppe and E. Weinbrenner found in the late 1930s a great 
variety of polymers collectively called polyurethanes, and recognized the potential 
uses for polyurethanes22. The new polyisocyanate polyaddition principle seemed to 
have special opportunities for polyurethanes23 as compared to other already existing 
plastics obtained by polymerization of olefins24. During the sixties, considerable 
progress in chemical research, its applications and processing technology led to a 
broad spectrum of commercial uses of polyurethanes in many market areas. The 
invention of thermoplastic urethanes expanded the existing processing techno logies, 
one shot processing and rubber like processing (PUR millable gums), to injection 
molding and extrusion. 
Chemical and technological developments were reported at international fairs and 
congresses25, with the second polyurethane world congress held in 1987 in Aachen 
(Germany) on the 50th anniversary of polyurethanes serving as the outstanding event. 
Today, an estimated 500,000 people work on the production and processing of 
polyurethanes raw materials worldwide26. In 1990, the total worldwide consumption 
of PUR raw materials was some 5 million tons, and it is four times the amount 
consumed in 1971. More than 2 billion pounds of polyurethane products are produced 
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annually in the United States27. It is not possible to summarize all the details of 
different kinds of polyurethanes due to the broad spectrum of these polymers. 
Nonetheless, from the interest of our work, we are trying to describe concisely 
polyurethanes in the following terms; (i) technical polyurethanes, (ii) new 
development in polyurethane chemistry and (iii) blocked isocyanates. 
1.2.1 Technical polyurethanes 
Technical polyurethanes are [m,n] polyurethanes 11 which are prepared from diols 7 
and diisocyanates 8 by polyaddition28 or from bischloroformates 10 and diamines 9 by 
polycondensation (Scheme 1.1)29,30. The starting materials are diamines, diols, and 
carbonic acid derivatives, usually phosgene. Not only polyurethanes but also urethane 
containing coplymers are widely used to make foams, fibers, elastomers, adhesives, 
and coatings 31.  
HO
R
OH + OCN
R1
NCO
O
R
O
H
N
R1
H
N
O O n
H2N
R1
NH2 Cl O
R
O Cl
O O
+
[m,n]-polyurethanes 11
7 8
9 10
Scheme 1.1: Routes to [m,n]-polyurethanes. 
 
Polyurethanes are characterized by the presence of urethane linkages (-NH-CO-O-) in 
their repeating units that lead to the production of linear polymers but also branched 
or cross-linked structures32. The formation of different sorts of polyurethanes depends 
upon the nature of R and R1 groups, which control the rigidity, flexibility and other 
properties of the polymers33. A lot of series of polyurethanes with different block 
length and constant composition have been reported for rheological studies to ensure 
high thermal stability and to prevent high melting point crystallinity which enables 
long duration rheological characteristics at high temperature34. 
The chemistry and technology of isocyanates and their use for the manufacture of 
polyurethanes and related polymers have comprehensively been studied24,35. 
Modifications have been made mainly with technical diisocyanates. The tailor-made 
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properties of the polyurethanes, however, are mostly obtained by modification of the 
hydroxy or amino groups36.   
In polyaddition reaction, isocyanates with at least two NCO groups per molecule are 
needed for the formation of polyurethanes as outlined in Scheme 1.1. Aromatic as 
well as aliphatic and cycloaliphatic di- and polyisocyanates are suitable building 
blocks for polyurethane chemistry. The aromatically linked isocyanate group is 
significantly more reactive than the aliphatic one, and in general terms, the aromatic 
isocyanates are economically more readily available. Aliphatic isocyanates are only 
used if their reactivity fits specifically the polymer formation or if particular 
properties are required regarding the final product24, i.e., light stable coatings can only 
be obtained with aliphatic polyisocyanates. 
The direct conversion of nitro compounds into isocyanates with carbon monoxide 
seems formally very simple37,38. It has been known since the middle of the 1960s, but 
it has never been used technically because of low yields of isocyanates and high 
catalyst usage. Therefore, the phosgenation of the corresponding amines is still the 
main technical process for the manufacture of isocyanates.   
Compounds with many hydroxy functions in the molecule are, beside the isocyanates, 
the essential components to synthesize polyurethanes. Low molecular weight 
compounds such as ethylene glycol, glycerol, butanediol, etc., act as chain extenders 
or as cross- linkers. Higher molecular weight polyols are the actual basis for the 
synthesis of the polyurethanes24.  
1.2.2 New development in polyurethane chemistry 
Because of severe environmental regulation, it has to be taken into consideration that 
diisocyanates are obtained from phosgene and diamines, and bischloroformates from 
diols and phosgene. Phosgene and isocyanates are highly toxic substances and severe 
precautions have to be taken when working with these substances39. The high 
chemical reactivity of the NCO group is evident in the biological environment. The 
NCO group can react with NH2 and OH groups, especially in the presence of 
catalysts, which can changes proteins, deactivate enzymes, stimulate receptors, and 
destroy cells40. 
Due to their high reactivity towards active hydrogen compounds, isocyanates 12 are 
prone to various side reactions24. They can react with urethane groups to form 
allophanate groups 14, with water to form amines 16, with amines to form urea 19 
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and with urea to form biurets 21. These reactions can lead to uncontrolled cross-
linking reactions (Scheme 1.2). 
R NCO + R1
O
H
N
R2
O
allophanates
R NCO + H2O R NH2 + CO2
hydrolysis
R NCO + R1 NH2
urea
R
H
N
H
N
R1
O
R1
H
N
H
N
R2
O R
H
N N
R1
H
N
R2
O
O
biurets
R NCO +
12 13 14
12 15 16 17
12 18 19
12 20
21
R
H
N N O
R1
O O
R2
Scheme 1.2: Side reaction of isocyanates. 
 
Recently, Meijer et al. 41 reported the synthesis of [n]-polyurethanes using di-tert-
butyltricarbonate 23 as a versatile and mild reagent. The high selectivity and 
reactivity of reagent 23 is used to synthesize a,w-isocyanato alcohols 24, which are 
polymerized to obtain [n]-polyurethanes 25 in high yield. The general reaction 
sequence to synthesize the series of [n]-polyurethanes 25 is given in Scheme 1.3. 
 
+
O O O O
O O O
-CO2,  -tBuOH
CHCl3, 20 °C
N
H
O
O
HO R NH2
HO R NCO
R
n
[Zr(acac)4]
22 23
24 25
Scheme 1.3: Synthesis of [n]-polyurethanes (R = (CH2)4-12). 
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The synthesis of new polyurethanes from carbohydrate-derived building blocks may 
lead to new biodegradable polymers with various potential industrial applications42. 
One of the most promising starch derivatives for polymerization reactions is 1,4:3,6-
dianhydrosorbitol 2643, which yields a new AB type polyurethane containing 
dianhydrohexitol moieties. 
 
O
O
H
H
OH
HO
26  
 
In the same respect, technical application of dianhydrohexitol compounds as chain 
extenders in technical polyurethane syntheses have been reported44.  
The simplest AB type aromatic polyurethane, poly(oxycarbonylimino-1,4-phenylene) 
28 being interesting from its synthesis and properties point of view was synthesized 
by pyrolysis of phenyl N-p-hydroxyphenylcarbamate 27 (Scheme 1.4)45. The so-
called “apparent sublimation” of the polyurethane 2846,47 may be an especially useful 
property and a novel concept in the coating chemistry. 
 
H
N C OHO
O
H
N CO
O
n
-C6H5OH
D
27
28
Scheme 1.4: Synthesis of AB type aromatic polyurethane. 
 
Sato et al.48 reported the successful preparation of new high molecular weight homo- 
and copolyurethanes from a diol with a mesogenic moiety and dicarbamates by melt 
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polycondensation. These polyurethanes with mesogenic moieties form thermotropic 
LC phases due to the intermolecular interaction based on hydrogen bonding between 
urethane linkages49 and exhibit unique mechanical and rheological properties, which 
cannot be observed in traditional polyurethanes50. 
Alternatively, aliphatic polyurethanes 31 can be synthesized via non- isocyanate 
methods. Thus, oligomers terminated with five-membered cyclic carbonate groups 29 
are reacted with diamines 30 (Scheme 1.5)51.    
 
O
O
O
R
O
O
O
+
H2N NH2
n
m
O R O N
H
O O
N
H
OH OH
n
m
Poly(hydroxy-urethane) 31
29 30
Scheme 1.5: Synthesis of polyurethanes via a non- isocyanate method.  
 
Another non- isocyanate synthetic method, leading to urethane species, involves the 
reaction of vinyl carbonates with amines. The driving force of the whole process is 
the transformation of side products: vinyl alcohol to acetic aldehyde52. 
It was also shown that other derivatives of carbonic acids could be used for the 
preparation of aliphatic polyurethanes. Nowadays ethylene carbonate is being used as 
a building block in polymer synthesis, because for ecological and economical reasons: 
ethylene carbonate is easily accessible from ethylene oxide and carbon dioxide. In this 
respect, Höcker et al.53 reported the copolymerization of equimolar amounts of 
tetramethylene urea 32 with 2,2-dimethyltrimethylne carbonate 33, and with ethylene 
carbonate 34. The results of both copolymers are alternating coplymers with the 
microstructure of polyurethane.  
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HN NH
O
O O
O
O O
O
32 33 34  
 
G. Rokicki et al. 54 also reported the synthesis of polyurethanes 38 from ethylene 
carbonate 34, diamines 35, and diols 37, using ethylene carbonate 34 as a substitute of 
phosgene (Scheme 1.6). 
 
H2N NH2n + 2
HO
O N
H
N
H
O
n O
O
OH HO OH
m
O N
H
N
H
O
O O
n m
x
+   HOCH2CH2OH
polycondensation
[m,n] polyurethane 38
35
34
36 37
39
O O
O
Scheme 1.6: Synthesis of aliphatic [m,n] polyurethane. 
 
Recently, we have developed two new routes to polyurethanes 25. The first route is 
the ring opening polymerization (ROP) of 6 and 7 membered rings 40 (Scheme 
1.7a)55,56, and this ROP is a controlled polymerization. The second route is the 
polycondensation of activated urethanes 41 (Scheme 1.7b)57. These activated 
urethanes are produced by reaction of amino alcohols with diphenyl carbonate or 
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ethylene carbonate. It is important to note that only the amino group reacts under the 
reaction conditions applied, not the hydroxy group. The polycondensation is 
performed using suitable catalysts.  
 
HN O
R
O
O
R
H
N
n
HO
R
NH2 HO
R
N
H
OR1
O
(i)
(ii)
PhO OPh
O
or
(i) (ii)  catalytic polycondensation
-R1OH
(a)
(b)
O25
22
40
41
42
34
OO
O  
Scheme 1.7: New routes to polyurethanes; (a) ring opening polymerization of cyclic 
urethanes. (b) polycondensation of activated polyurethanes. 
 
In the continuation of achievements of our group towards new routes to 
polyurethanes, the synthesis of a new monomer 43 (phenoxycarbonyloxymethyl 
ethylene carbonate) containing two electrophilic sites was reported. This monomer 
was used to prepare polyurethanes via polycondensation with diamines58. The 
polyurethane contains pendant primary and secondary hydroxy groups.   
 
   
O
O
O
O OPh
O43  
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1.2.3 Blocked isocyantes 
Due to the high toxicity of compounds which contain free isocyanates groups, it was 
recognized that there would be an advantage to develop systems with minimal toxic 
hazard. These objectives led to work on blocked isocyanates, taking advantage of 
reversible reactions of isocyanates. Blocked isocyanates 45 are synthesized by 
reacting a block group (BH) 44 with an isocyanate 12 as shown in equation 1.159. 
 
R N C O + B H R
N
H
B
O
(1.1)
12 44 45
 
Before using blocked isocyanates, it is necessary to know the unblocking temperature, 
i.e. a temperature above which the various blocked isocyanates abruptly unblock.  
In other terms, we can explain that because of the greater reactivity of isocyanates, 
their reactions are rarely devoid of undesirable side reactions. Such problems 
associated with isocyanates have been satisfactorily overcome by blocking them with 
aromatic compounds through the formation of carbamates having a labile bond which 
can dissociate at higher temperature to regenerate the isocyanate function60,61.     
To distinguish between the terms blocked isocyanates and activated urethanes, we 
have to look deeper into the different reaction pathways of isocyanates. Generally, 
blocked isocyanates are called addition compounds of isocyanates with compounds 
containing active hydrogen atoms, e.g., phenol, some alcohols, e-caprolactam, oximes 
and others62. Phenol is one of the important blocking agents for isocyanate groups63.   
a-Hydroxy-w-O-phenyl urethanes were synthesized in our group, and can be 
considered either as blocked isocyanates or as activated urethanes (Scheme 1.8). At 
lower temperatures (˜  100 °C) in the presence of catalysts O-phenyl-urethanes I react 
with nucleophiles in the sense of an activated urethane by substitution of the phenoxy 
group – reaction sequence I à II à IV, while at higher temperatures (˜  100-150 °C) 
the “deblocking” reaction with elimination of phenol and formation of an isocyanate 
intermediate is more probable – reaction sequence I à III. In the presence of a 
nucleophile the end product of this reaction is a urethane or a urea IV.  
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Scheme 1.8: The use of activated urethanes as blocked isocyanates. 
 
In recent times, special attention was given to N,N'-carbonylbis(e-caprolactam) a 
solid, non-toxic carbonic acid derivative from the family of blocked isocyanates 
which has become a versatile reagent for coupling reactions and for the preparation of 
thermosets and reactive resins 64. 
1.3 Alternating poly(amide urethane)s  
There are only a few research groups dealing with alternating poly(amide urethane)s. 
First of all Mormann et al. 65 reported the synthesis of diisocyanatodicarboxamides 46 
and N-(trimethyl siloxyalkyl)isocyanatocarboxamide 49 leading to strictly alternating 
poly(amide urethane)s as shown in Scheme 1.9. 
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Scheme 1.9: Synthesis of alternating poly(amide urethane)s proposed by W. 
Mormann et al.  
 
Subsequently, they investigated the thermal behavior of these polymers in relation to 
their structure and compared with corresponding polyamides66,67.  
An important limitation in the use of degradable polymers for biomedical applications 
is the possible toxicity of the degradation products. Tha t is why biodegradable 
polymers composed of building blocks which already occur in the human body, i.e., 
biodegradable bioanalogous polymers (BBP) are of special interest. With the same 
interest, Katsarava et al.68 reported the synthesis of amino acid based biodegradable 
bioanalogous poly(amide urethane)s via polycondensation of di-p-nitrophenyl ester of 
N,N’-(trimethylenedioxy-dicarbonyl)bis(L-phenyl alanine) with diamines or their 
derivatives under mild conditions. 
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Mormann and Katsarava reported the successful synthesis of alternating poly(amide 
urethane)s by using isocyanates and phosgene, respectively, as starting materials. 
However, there is a concern that the use of free isocyanates and phosgene represents 
toxic hazards.  
In order to promote the green chemistry, we performed the synthesis of alternating 
poly(amide urethane)s without using isocyanates and phosgene. Our work deals with 
new building blocks for powder coatings based on polyurethanes. In this respect the 
synthesis of alternating poly(amide urethane)s was performed using e-caprolactam, 
amino alcohols, and carbonic acid esters, i.e., diphenyl carbonate or ethylene 
carbonate. It has to be mentioned that both carbonic esters are substitutes for 
phosgene. Ethylene carbonate is obtained from ethylene oxide and carbon dioxide69, 
while diphenyl carbonate can be obtained from phenol and carbon monoxide70 or 
from phenol and urea69.  
Alternatively, we developed a different route to synthesize alternating poly(amide 
urethane)s using e-caprolactone, diamines and diphenyl carbonate. The thermal 
properties of these polymers were compared with poly(amide urethane)s obtained 
from e-caprolactam, amino alcohols and diphenyl carbonate. 
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2 Target and specific aims 
 
The target is the synthesis of poly(amide urethane)s comprising alternatively amide 
and urethane linkage without using isocyanates and phosgene ; the final product 
should be a semicrystalline non-sticky powder of low molecular weight and with well 
defined end groups. 
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3 Results and discussion  
3.1 Synthesis and characterization of alternating poly(amide urethane)s from e -
caprolactam, amino alcohols, and diphenyl carbonate 
The synthesis of poly(amide urethane)s was performed using non-conventional routes, 
that means without isocyanates and phosgene. The synthesis of poly(amide urethane)s 
was performed using e-caprolactam, amino alcohols and diphenyl carbonate. Every 
aspect related to the poly(amide urethane)s was studied, i.e. the kinetics of the 
polycondensation of respective monomers, the chemical structures, and the thermal 
properties of the polymers.  
3.1.1 Synthesis of alternating poly(amide urethane)s in three steps from e -
caprolactam, amino alcohols, and diphenyl carbonate  
Alternating poly(amide urethane)s were obtained from e-caprolactam 52, a 
homologous series of amino alcohols 53a-e and 1-amino-2-propanol 53f with 
diphenyl carbonate in three steps. First the amino alcohols react with e-caprolactam 
inducing ring opening in a selective manner giving the a-hydroxy-w-amino amides 
54a-f. These react with diphenyl carbonate again selectively to the corresponding a-
hydroxy-w-O-phenyl urethanes 55a-f, which finally are converted to the 
corresponding poly(amide urethane)s 56a-f by polycondensation in bulk (Scheme 
3.1).  
a-Hydroxy-w-amino amides 54a-f were obtained by aminolysis of e-caprolactam with 
an excess of amino alcohol to circumvent the formation of higher oligomers. 
Temperatures of 200 °C and the presence of water are necessary for a high conversion 
of e-caprolactam. For the preparation of a-hydroxy-w-O-phenyl urethanes 55a-f, a-
hydroxy-w-amino amides 54a-f were treated with diphenyl carbonate in methylene 
chloride at room temperature. Only the amino group reacts with diphenyl carbonate 
under these conditions, not the hydroxy group.  
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Scheme 3.1: Synthesis of poly(amide urethane)s from e-caprolactam, amino alcohols 
and diphenyl carbonate. (i) e-caprolactam / 53a-f = 1/5, H2O, T = 200 °C in autoclave, 
t = 24 h; (ii) diphenyl carbonate / 54a-f = 1/1 – 1.5/1, CH2Cl2, r.t., t = 24 h; (iii) 55a-f 
and 5 wt.-% Bu2Sn(OCH3)2, T = 90 °C or 120 °C, t = 1 h at normal pressure, and t = 
2-4 h at reduced pressure (p = 10-2 mbar).  
 
The a-hydroxy-w-O-phenyl urethanes 55a-f obtained in high purity were used as 
starting material for polycondensation performed in bulk at 90 °C or 120 °C in the 
presence of Bu2Sn(OCH3)2 as a catalyst.  
1H NMR analysis of 54b (Figure 3.1) confirms the formation of the product, which 
shows clearly resonance signals of amide protons at d = 7.78 ppm and methylene 
protons adjacent to functional group CH2OH and CH2NH2 at d = 3.50 and 2.50 ppm, 
respectively. In the 1H spectrum, protons of ethanol traces can be observed at d = 1.05 
ppm, which are the result of the work up, since the crude product was dissolved in 
ethanol followed by precipitation into diethyl ether. The characteristic chemical shifts 
of the methylene protons adjacent to the functional groups are given in the 
experimental part.   
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Figure 3.1: 1H NMR spectrum of a-hydroxy-w-amino amide 54b 
 
The 1H NMR (Figure 3.2) spectrum of 55b clearly shows resonance signals of the 
newly formed urethane protons at d = 7.00 ppm, and the phenyl protons at d = 7.00-
7.50 ppm. Disappearance of CH2NH2 proton signal at d = 2.50 ppm indicates the full 
conversion of the amino alcohol 54b into the phenyl urethane alcohol 55b. Ethanol 
traces can be observed at d = 1.05 ppm, which are impurities of the starting material. 
The characteristic chemical shifts of the methylene protons adjacent to the functional 
groups are given in the experimental part. 
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Figure 3.2: 1H NMR spectrum of a-hydroxy-w-O-phenyl urethane 55b. 
 
1H NMR analysis of the purified products 56a-f shows that the obtained poly(amide 
urethane)s have a regular microstructure comprising alternating amide and urethane 
linkages. The 1H NMR spectra of the poly(amide urethane)s in DMSO-d6 (Figure 
3.3a) clearly show distinct resonance signals for the protons of each methylene group 
and distinct resonance lines for urethane and amide protons with equal intensity 
between d = 6.70-7.10 and 7.70-7.90 ppm, respectively. It has to be mentioned that 
for urethane protons two resonance lines (d = 7.08 and 6.72 ppm) with an intensity 
ratio of 9:1 corresponding to E and Z conformers are observed. The same observation 
was made by Neffgen et al.57 and Rokicki et al.54 The protons of amide and urethane 
groups cannot be observed in TFA-d due to a fast exchange with the solvent (Figure 
3.3b). The characteristic chemical shifts of the methylene protons adjacent to the 
functional groups are given in the experimental part.  
Poly(amide urethane)s are expected to contain two end groups, i.e. O-phenyl urethane 
and CH2OH. The O-phenyl urethane end group can be observed in the range of d = 
7.00-7.50 ppm by means of 1H NMR spectroscopy in DMSO-d6 as well as in TFA-d. 
In respect to the CH2OH end groups, a small resonance signal was observed in 
DMSO-d6 at d = 4.10 ppm belonging to a formate end group. A formate end group is 
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the result of the work up, because the purified product was obtained by precipitation 
of a solution in formic acid into diethyl ether. In formic acid the CH2OH end group 
converts into a CH2OOCH group. On the other hand, in TFA-d, two small resonance 
signals were observed at d = 4.40 and 4.55 ppm belonging to CH2OOCH and 
CH2OOCCF3 end groups. The formation of CH2OOCH is the result of the work up 
with formic acid as already described, and the formation CH2OOCCF3 is the result of 
the reaction with the solvent CF3COOD, because the formed CH2OOCH remains in 
equilibrium with CH2OOCCF3 in TFA-d as a solvent.  
In the 1H NMR spectrum of poly(amide urethane)s, a resonance line at d = 3.45 ppm 
in DMSO-d6 and d = 3.85 ppm in TFA-d was observed, which indicates the presence 
of an additiona l O-CH3 end group. The mechanistic view for the formation of the O-
CH3 end group will be described in Scheme 3.3.  
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Figure 3.3: 1H NMR spectra of polymers. (a) 56b in DMSO-d6 (ii) (b) 56b in TFA-d.   
 
The reaction conditions, number average molecular weight, polydispersity, and yield 
of poly(amide urethane)s 56a-f are given in Table 3.1. At 90 °C the molecular weight 
and the yield of the polymers decrease for the higher homologous amino alcohols. At 
120 °C the polymer yield and the molar weight obtained after the same time are 
higher than at 90 °C as was expected. 
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Table 3.1: The reaction conditions and results of poly(amide urethane)s 56a-f 
obtained via polycondensation of a-hydroxy-w-O-phenyl-urethanes 55a-f at 90 and 
120 °C. 
Polymer 
 
t/h T/°C nM  
 
nw  / MM  Yield 
in % 
56a 1n + 2r 90 7400 1.42 78 
 1n + 3r 120 8900 1.55 93 
56b 1n + 2r 90 7500 1.45 70 
 1n + 3r 120 7400 1.51 79 
56c 1n + 3r 90 4200 1.28 70 
 1n + 3r 120 8300 1.62 81 
56d 1n + 3r 90 5400 1.36 63 
 1n + 3r 120 11500 1.64 79 
56e 1n + 3r 90 3300 1.16 51 
 1n + 3r 120 7100 1.54 84 
56f 1n + 3r 90 7500 1.62 89 
 1n + 7r 120 7800 1.68 81 
nat normal pressure (1 bar), rat reduced pressure (10-2 mbar),  
nM  and nw  / MM  were determined by means of GPC in DMAc with polystyrene 
standards. 
 
3.1.1.1 Kinetic aspects of the polycondensation of a -hydroxy-w-O-phenyl-
urethanes 
In order to prepare oligomers by step growth reactions two variables have to be 
considered: the conversion (p) and the initial molar ratio of the reacting functional 
groups (q). The degree of polymerization ( nP ) in a polycondensation reaction is 
determined by the Carothers equation: 
 nP  = (1+q) / (1+q-2pq)      (3.1) 
     for q =1, nP  = 1 / (1-p) 
            for p =1, nP  = (1+q) / (1-q) 
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The a-hydroxy-w-O-phenyl urethanes 55a-f are A-B monomers (with q = 1) and 
under these conditions the degree of polymerization is only a function of conversion.  
 
0 10 20 30 40 50 60 70 80
400
500
600
700
800
900
1000
1100
M
n
N
M
R
conversion/%
 
Figure 3.4: Polycondensation of a-hydroxy-w-O-phenyl urethane 55b at 90 °C: 
conversion vs. nM  (determined by means of NMR). 
 
Figure 3.4 shows the dependence of nM  on conversion for the first stage of the 
polycondensation in which the condensate (phenol) is not removed from the reaction 
mixture. In addition, the last point in the diagram shows the nM  value obtained after 
removal of phenol in vacuum. The conversion and the number average molecular 
weight were determined by integration of the 1H NMR resonance lines for the CH2OH 
end groups and CH2O groups in the repeating units. It should be mentioned that the 
oligomers obtained under these conditions have the same functional end groups as the 
monomers from which they were prepared. 
3.1.1.2 Thermal properties of poly(amide urethane)s  
The thermo gravimetric analyses of the poly(amide urethane)s 56a-e reveal a 
dependence of the degradation behavior on the chemical structure of the polymers 
(Figure 3.5). The following observations are made: (i) With increasing number of 
methylene groups in poly(amide urethane)s, the degradation temperature increases. 
Characteristic values of the weight loss are shown in Table 3.2. (ii) For 2-amino-1-
ethanol, 3-amino-1-propanol, and 4-amino-1-butanol in the repeating unit a clear two-
step decomposition is observed in the contrast to 5-amino-1-pentanol and 6-amino-1-
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hexanol. This indicates a change in the degradation mechanism. The polymers with 
repeating units with lower number of methylene groups upon degradation result in 
cyclic urethanes while those with higher number eventually result in random chain 
cleavage with formation of isocyanates, which is characteristic of thermal 
decomposition of urethane linkages.  
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Figure 3.5: TGA of the poly(amide urethane)s 56a-e obtained via polycondensation 
of a-hydroxy-w-O-phenyl urethanes 55a-e at 120 °C (heating rate: 10 K/min). 
 
Table 3.2: Temperature of poly(amide urethane)s 56a-e at 5, 10, 50 and 90% weight 
loss measured by means of TGA. 
Polymer nM GPC T/°C at 5% 
weight loss 
T/°C at 10% 
weight loss 
T/°C at 50% 
weight loss 
T/°C at 90% 
weight loss 
56a 8900 232 249 303 449 
56b 7400 245 265 313 432 
56c 8300 245 275 329 442 
56d 11500 271 295 356 441 
56e 7100 266 294 362 453 
 
The poly(amide urethane)s 56a-e obtained by precipitation of a solution in formic 
acid into diethyl ether are semicrystalline polymers. A characteristic DSC curve 
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(Figure 3.6) on first heating shows a crystallization peak before melting. On cooling a 
broad crystallization peak is observed. Upon second heating the trace is similar to that 
observed in first heating.   
 
 
-20 0 20 40 60 80 100 120 140 160 180 200
cooling
2nd heating
1st heating
he
at
 fl
ow
T/°C
 
Figure 3.6: DSC trace of 56b prepared via polycondensation of 55b in bulk at 120 °C 
(heating and cooling rate: 10 K/min).   
 
Table 3.3 summarizes the DSC data obtained for the poly(amide urethane)s 56a-e. 
Upon second heating the melting temperature and the melting enthalpy are lower than 
upon first heating. By plotting the melting points as a function of the number of 
methylene groups in the amino alcohol a pronounced even-odd effect is observed 
(Figure 3.7). This observation was made earlier in the series of [n]-polyamides71, [n]-
polyurethanes41,57 and poly(ester amide)s72,73. 
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Table 3.3: DSC data of poly(amide urethane)s 56a-e obtained via polycondensation 
of a-hydroxy-w-O-phenyl urethanes 55a-e at 120 °C (heating and cooling rate: 10 
K/min). 
First heating Cooling Second heating Poly(amide 
urethane) Tm/°C DHm/J/g Tc/°C DHc/J/g Tm/°C DHm/J/g 
56a 173.6 54.39 126.5 -42.78 172.2 31.88 
56b 154.1 80.29 81.4 -35.88 153.7 41.82 
56c 199.9 54.42 154.0 -58.85 189.4 58.47 
56d 162.5 77.21 121.4 -68.11 160.7 64.70 
56e 171.6 66.07 125.4 -59.16 169.4 53.74 
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Figure 3.7: Melting points of the poly(amide urethane)s 56a-e obtained via 
polycondensation of a-hydroxy-w-O-phenyl urethanes 55a-e at 120 °C (second 
heating: 10 K/min). 
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3.1.1.3 Polycondensation of a -hydroxy-w-O-phenyl urethanes catalyzed with 
Bu2Sn(OCH3)2 : Mechanistic consideration 
The polycondensation of a-hydroxy-w-O-phenyl urethanes is catalyzed with 
Bu2Sn(OCH3)2. The mechanism of the polycondensation can be understood from 
Scheme 3.2. 
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Scheme 3.2: Mechanism of polycondensation of a-hydroxy-w-O-phenyl urethanes in 
the presence of Bu2Sn(OCH3)2. 
 
The catalyst Bu2Sn(OCH3)2 58 in the first step activates the hydroxy group of the 
monomer by substitution of a methoxy group. In the second step this nucleophilically 
activated species reacts with the carbonyl group of the activated O-phenyl urethane 
end group. In an addition/elimination reaction an O-alkyl urethane is formed and 
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Bu2Sn(OMe)(OPh) 60 is eliminated. This tin derivative is able to activate a new 
hydroxy group by the formation of phenol. For the chain growth reaction this second 
step is responsible. At normal pressure in the presence of phenol the conversion is 
relatively low. To increase the conversion, the phenol has to be removed from the 
reaction mixture. At this point, it should be mentioned that the O-alkyl urethane group 
is inert; under the reaction conditions no transurethanization takes place.   
3.1.1.4 Mechanistic view of the formation of a methoxy end group of poly(amide 
urethane)s   
A close inspection of the 1H NMR spectra of poly(amide urethane)s (Figure 3.3) 
shows resonance lines of small intensity at d = 3.85 ppm (in TFA-d) and d = 3.50 ppm 
(in DMSO-d6) which are attributed to an O-methyl urethane end group. A working 
hypothesis for the formation of the O-methyl urethane end group is shown in Scheme 
3.3. The catalyst Bu2Sn(OCH3)2 is supposed to react with the O-phenyl urethane end 
group by an exchange reaction with formation of an O-methyl urethane end group, 
and Bu2Sn(OCH3)(OC6H5). The consequence of this reaction is that a bifunctional AB 
monomer is transformed to a monofunctional component; the O-methyl urethane end 
group is inactive under the reaction conditions. This monofunctional component 
limits the molecular weight since by this side reaction, the ratio of the reacting 
functional groups [OH/NH-CO-OPh] is changed from a value of 1 to a value > 1.  
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Scheme 3.3: Mechanism of side reaction: formation of the methoxy end group.   
 
In order to prove this hypothesis a model reaction was performed using equimolar 
amounts of O-phenyl hexyl urethane and Bu2Sn(OCH3)2 (Equation 3.2). Analysis of 
the 1H NMR spectrum in TFA-d (Figure 3.8) shows that a reaction according to 
equation 3.2 has taken place. Two resonance signals are observed clearly at d = 3.35 
and 3.85 ppm assigned to CH2NH (6) and OCH3 (9) protons, respectively, which 
confirm the formation of O-methyl hexyl urethane 67, but other signals upfield are not 
observed clearly due to the overlap with signals from product 60. The chemical shift 
of the O-methyl urethane (resonance signal 9) corresponds to the chemical shift of the 
O-methyl urethane end group in the poly(amide urethane)s (Figure 3.3b).  
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Figure 3.8: 1H NMR spectra of O-methyl hexyl urethane 67 and Bu2Sn(OCH3)(OPh) 
60 in TFA-d.  
3.1.1.5 Influence of different parameters on the polycondensation of a -hydroxy-
w-O-phenyl urethanes  
The influence of two parameters on the polycondensation was studied: (i) the nature 
of the catalyst and (ii) the temperature. For evaluation, the kinetics of the 
polycondensation was studied.  
At selected reaction times samples were analyzed by means of 1H NMR spectroscopy 
in TFA-d for monomer conversion and by GPC in DMAc for the number average 
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molecular weight. The monomer conversion was determined by comparison of the 
integrals of the CH(CH3)OH end group and CH(CH3)O group of the repeating units. 
In the respect of CH(CH3)OH end group, it has to be mentioned that two resonance 
lines were observed at d = 4.40 and 5.50 ppm belonging to protons of CH(CH3)OH 
and CH(CH3)OOCCF3 end groups, respectively. The CH2OH end group up to 90-
95% converts to a formate end group in CF3COOD as a solvent. Figure 3.9 shows the 
1H NMR spectra for a monomer conversion of 7% and 75%. Since the resonance lines 
are well resolved, the conversion can be calculated with an inaccuracy of 5%. The 
GPC traces of the products obtained for the polycondensation of 55f at 120 °C with 5 
wt.-% Bu2Sn(OCH3)2 after 2, 5 and 140 min are shown in Figure 3.10. 
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Figure 3.9: 1H NMR spectra in TFA-d of the products obtained via polycondensation 
of 55f in bulk at 120 °C with 5 wt.-% Bu2Sn(OCH3)2; (a) monomer conversion is 7%. 
(b) monomer conversion is 75%. 
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Figure 3.10: GPC trace of poly(amide urethane)s 56f obtained via polycondensation 
at 120 °C at various reaction time; (a) 2 min (7% conversion); (b) 5 min (25% 
conversion); (c) 140 min (75% conversion).  
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3.1.1.6 Influence of catalyst 
The nature of a catalyst plays a key role in the kinetics of polycondensation reactions. 
In this regard the influence of catalyst was studied using different catalysts under the 
following conditions: T = 90 °C, p = 10-2 mbar, and 5 wt.-% catalyst. 
The successful synthesis of poly(amide urethane) 56b at 90 °C using of 
Bu2Sn(OCH3)2 as a catalyst has already been described. In the same way, the 
synthesis of poly(amide urethane) 56b was performed using La(acac)3, Ti(OBu)4, 
Bu2SnO / PhOH and Sn(octoate)2 as catalysts (Table 3.4). 
 
Table 3.4: Results of Polycondensation of a-hydroxy-w-O-phenyl urethane 55b at 
90 °C using the different catalysts. 
Catalyst t/h nM GPC nw  / MM  
Bu2Sn(OCH3)2 1n+3r 7400 1.44 
La(acac)3 1n+3r 4600 1.21 
Ti(OBu)4 1n+3r 2400 1.13 
Bu2SnO + phenol 2n+8.5r 3500 1.26 
Sn(octoate)2 2n+8r 3100 1.24 
nat normal pressure, rat reduced prssure (p = 10-2 mbar) 
 
From GPC analysis, it is concluded that at 90 °C the use of Bu2Sn(OCH3)2 as a 
catalyst results the highest molecular weight relatively to the other catalysts. 
Nevertheless, Fey et al.73 reported the successful synthesis of poly(ester amide)s at 
150 °C using Ti(OBu)4, as a catalyst, and Tartari et al. 74 that of polycarbonates via 
melt transesterification at 300 °C using La(acac)3 as a catalyst. These authors used 
higher temperatures than that used in our experiments. It might be possible that a 
temperature of 90 °C is not the optimum for other catalysts. Consequently, we 
investigated the influence of Bu2Sn(OCH3)2, La(acac)3 and Sn(octoate)2 as catalysts 
on the polycondensation of a-hydroxy-w-O-phenyl urethane 55f at 120 °C.   
Figure 3.11a and b show the results obtained for the polycondensation of 55f using 
different catalysts, i.e., Bu2Sn(OCH3)2, La(acac)3, and Sn(octoate)2. With all catalysts 
the molecular weight increases linearly up to 140 min, afterwards it increases very 
slowly or remains constant. Therefore, the obtained molecular weights at 140 and 480 
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min have to be compared; nM  = 6000, 6800, and 18000 at 140 min, and nM  = 6500, 
7000, and 19000 at 480 min were obtained using Bu2Sn(OCH3)2, La(acac)3, and 
Sn(octoate)2, respectively. 
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Figure 3.11: Number average molecular weight as function of time; (a) nM NMR 
versus time in min (b) nM GPC versus time in min. 
 
All results obtained using different catalysts indicate that the polycondensation rate is 
fast at initial stage (up to 140 min) and slows down later. With Sn(octoate)2 as a 
catalyst, the highest molecular weight ( nM GPC = 19000, nM NMR = 2400) is 
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obtained at 480 min, and this value is by a factor of 2-2.5 longer than those obtained 
with Bu2Sn(OCH3)2 ( nM GPC = 7500, nM NMR = 1000) and La(acac)3 ( nM GPC = 
8000, nM NMR = 1100). The nM  values at 480 min with Bu2Sn(OCH3)2 and 
La(acac)3 are lower than the one obtained with Sn(octoate)2, which indicates that 
some side reactions take place in the presence of Bu2Sn(OCH3)2, and La(acac)3 as 
catalysts, and these side reactions limit the molecular weight of the polymers. We 
have already shown in Scheme 3.3 how the OCH3 group is formed, and how it limits 
the molecular weight of polymers using Bu2Sn(OCH3)2 as a catalyst.  
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Figure 3.12: Conversion as a function of time for the polycondensation of 55f at 
120 °C. 
 
The higher reactivity of Sn(octoate)2 can also be observed in a plot of conversion 
versus time (Figure 3.12), in which the highest monomer conversion was found using 
Sn(octoate)2, i.e., 91% monomer conversion after 140 min, while a lower conversion 
was found for Bu2Sn(OCH3)2, La(acac)3, i.e., 75 and 80%, respectively. The main 
attention has to be taken towards the slope of the lines in Figure 3.12, which indicate 
the activity of the catalysts. Analysis of each curve reveals a continuous increase of 
monomer conversion up to 140 min, after this time it increases very slowly as was 
expected. 
Consequently, it is concluded that Sn(octoate)2 is a more suitable catalyst for the 
polycondensation of a-hydroxy-w-O-phenyl urethanes. Because the use of 
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Bu2Sn(OCH3)2 or La(acac)3 results only in the formation of oligomers, i.e., nM NMR 
= 1000 is obtained at 480 min with Bu2Sn(OCH3)2, and nM NMR = 1100 with 
La(acac)3, while the use of Sn(octoate)2 results in polymer ( nM NMR = 2500). 
Many authors have reported the success of Sn(octoate)2 75,76; recently Fey et al.72 
studied the influence of different catalysts, and found that the use of Sn(octoate)2 as a 
catalyst for the polycondensation of a-carboxyl-w-hydroxy amide at 110 °C leads to 
higher molecular weight after 336 h than that of other catalysts. It has to be taken into 
account that in the presence of Bu2Sn(OCH3)2 and La(acac)3 some side reactions take 
place, and these side reactions limit the molecular weight of the polymers. We have 
already shown in Scheme 3.3 how the NHCOOCH3 group is formed and how it limits 
the molecular weight of polymers using Bu2Sn(OCH3)2 as a catalyst. 
3.1.1.7 Influence of temperature 
A way to increase the polycondensation rate is to raise the temperature; however, with 
raising temperature the influence of side reactions increases. In this sub-section the 
effect of higher temperature is analyzed via the kinetics of polycondensation and the 
microstructure of the poly(amide urethane)s obtained. 
3.1.1.7.1 Polycondensation of an a -hydroxy-w-O-phenyl urethane at two 
temperatures 
The influence of temperature on the polycondensation of 55f was studied in the 
presence of 5 wt-% Bu2Sn(OCH3)2 at 90 and 120 °C. The a-hydroxy-w-O-phenyl 
urethane 55f is an A-B monomer (with q = 1) and under these conditions the degree of 
polymerization is only a function of conversion.  
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Figure 3.13: Polycondensation of 55f in bulk at different temperatures; nM  versus 
time. 
 
The plot nM  versus time (Figure 3.13) reveals that at higher temperature the nM  
values are higher up to 95 min. After this time the nM  values are close to each other 
and increase very slowly. Therefore, the obtained nM  values at 140 min and 480 min 
do not show a big difference in both cases, i.e., nM NMR = 960 and 1060 are 
obtained after 140 and 480 min at 90 °C, and nM NMR = 910 and 1000 at 120 °C. 
The higher nM  value at higher temperature is explained by a higher rate of 
polycondensation; the conversion of functional group increases faster with time at 
120 °C than at 90 °C. 
The time/conversion plot (Figure 3.14) shows that at higher temperature the rate of 
conversion is faster up to 95 min, afterwards the values of conversion increase very 
slowly and come very closed to each other. However, independent of the temperature 
the trend of the nM  versus conversion plot is equal for both temperatures indicating 
that no side reactions take place at these temperatures. 
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Figure 3.14: Polycondensation of 55f in bulk at different temperatures; conversion 
versus time. 
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Figure 3.15: Polycondensation of 55f in bulk at different temperatures; nM  versus 
conversion. 
 
The dependence of nM  on conversion (Figure 3.15) shows a characteristic shape for 
both values of conversion obtained at 90 and 120 °C and both curves are nearly 
identical as expected. 
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After analyzing all three kinetic graphs, as it was expected that the conversion rate of 
monomer into polymer is faster in the first step (up to 95 min) at 120 °C than 90 °C, 
which is evident from the plots, i.e., nM  versus time and nM  versus conversion. A 
conversion of 35% is reached after 10 min at 90 °C, and of 50% at 120 °C, and 
ultimately the rate of conversion becomes constant and leads to almost the same value 
of nM  and conversion.  
3.1.1.7.2 Difference in the microstructure of poly(amide urethane)s obtained 
via polycondensation at different temperatures 
Polycondensation of a-hydroxy-w-O-phenyl urethane 55f was performed at 90, 120, 
150 and 200 °C using the same procedure (t = 1.5 h at normal pressure, t = 7-8 h at 
reduced pressure, p = 10-2 mbar, 5 wt.-% catalyst) to determine the change in the 
microstructure. By means of 1H NMR spectroscopy (Figure 3.16) in DMSO-d6, the 
following observations were made: 
(i) The content of urethane linkages decreases and that of urea linkages 
increases with temperature. 
(ii) Poly(amide urethane)s comprising alternating amide and urethane linkages 
achieved at 90 °C or preferably at 120 °C. 
(iii) Disappearance of urethane linkages at 200 °C. 
(iv)  Polycondensation of a-hydroxy-w-O-phenyl urethanes at higher 
temperature, i.e., 200 °C results in lower molecular weight of polymers as 
determined by means of GPC.  
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Figure 3.16: 1H NMR spectra of poly(amide urethane)s obtained via 
polycondensation of 55f at (a) 90 °C, (b) 120 °C, (c) 150 °C, and (d) 200 °C. 
 
In order to explain the increasing content of urea linkage with temperature, the 
following mechanism can be postulated (Scheme 3.4). The postulated mechanism can 
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be understood in the sense, that at temperatures > 150 °C the rate of metathesis 
reaction with formation of diphenyl carbonate and urea linkages increases strongly. 
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Scheme 3.4: Postulated mechanism to explain the formation of urea linkage. 
 
It has to be mentioned that the amide NH is showing two resonance lines instead of 
one, which might be explained due to tacticity of polymer 56f because it has a chiral 
center. 
Consequently, it is concluded that the polycondensation of a-hydroxy-w-O-phenyl 
urethanes must be performed at 90 °C or preferably at 120 °C in order to obtain the 
structure of poly(amide urethane)s comprising amide and urethane linkage 
alternatingly (Figure 3.16a and b). The polycondensation of a-hydroxy-w-O-phenyl 
urethanes must not be performed at higher temperature, i.e., 150 °C and 200 °C. This 
can be explained by the fact that at higher temperatures, the possibilities of side 
reactions and of the degradation of the product increase resulting in the decrease of 
urethane linkages.  
3.1.1.8 Polycondensation of a poly(amide urethane)s in DMPU 
During the polycondensation of a-hydroxy-w-O-phenyl urethanes in bulk at 90 or 
120 °C the reaction mixture becomes heterogeneous. Thus, the rate of 
polycondensation is strongly retarded. In order to overcome this disadvantage a small 
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amount of the dipolar aprotic solvent DMPU was used in the polycondensation 
reaction (Scheme 3.5).    
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Scheme 3.5: Synthesis of higher molar mass poly(amide urethane)s.  
 
The synthesis of higher molar mass poly(amide urethane) 69 can be confirmed by 
GPC eluograms. In Figure 3.17, the starting material shows nM  = 9500 with some 
oligomers at higher elution volume while the product 69 shows a higher value of nM  
= 12000 with a unimodal peak.  
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Figure 3.17: GPC traces of poly(amide urethane)s; (a) starting material 56b (b) 
product 69. 
 
Here, the use of DMPU as a compatiblizer seems to be an excellent option to obtain 
higher molar mass poly(amide urethane)s via polycondensation of lower molar mass 
poly(amide urethane)s. This technique can be used to increase the molecular weight 
of lower mass polymers obtained via polycondensation reactions, because in some 
polycondensation reactions the growth of a polymeric chain is restricted due to the 
solidification of the reacting material.  
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3.1.2 Polycondensation of a -hydroxy-w-amino amides with diphenyl carbonate  
An attempt was made to prepare poly(amide urethane)s directly from the amino 
alcohols 54a-b and equimolar amounts of diphenyl carbonate. The reaction was 
performed at 100 °C with Bu2Sn(OCH3)2 as a catalyst (Scheme 3.6).  
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Scheme 3.6: Synthesis of polymers via polycondensation of a-hydroxy-w-amino 
amides with diphenyl carbonate: (i) diphenyl carbonate / 54a-b = 1/1, T = 100 °C, t = 
1 h at normal pressure, t = 1 h at normal pressure with Bu2Sn(OCH3)2 (5 wt.-%) and t 
= 4 h at reduced pressure (10-2 mbar). 
 
A comparison of the 1H NMR (Figure 3.3a and Figure 3.18) and 13C NMR spectra of 
polymer 56b and 70b (Figure 3.19a and b, respectively) revealed clear differences in 
the microstructure of these polymers. (i) The ratio of urethane/urea units (d = 7.10 
ppm for NH urethane and d = 5.75 ppm for NH urea) as determined from 1H NMR 
spectroscopy in DMSO-d6 is 19:1 for polymer 56b and 2.3:1 for 70b. (ii) The 
carbonyl region of polymer 70b shows urea, urethane, and carbonate carbonyl 
carbons with a ratio of 1:2:1 while in 56b the signals for urea and carbonate carbon 
are absent. 
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Figure 3.18: 1H NMR spectrum of polymer 70b. 
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Figure 3.19: 13C NMR spectra of polymers in DMSO-d6; (a) 56b, (b) 70b. 
 
It is concluded that the synthesis of poly(amide urethane)s comprising alternatingly 
amide and urethane linkages can be performed using a-hydroxy-w-O-phenyl 
urethanes as explained before in Scheme 3.1, not a-hydroxy-w-amino amides directly 
with diphenyl carbonate. Because the polycondensation of a-hydroxy-w-amino 
amides with diphenyl carbonate leads to side reactions, no uniform structure of 
polymers containing amide and urethane linkages is achieved. 
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3.2 Synthesis of poly(amide urethane)s with predetermined molecular weight and 
functional end groups  
Recently, there has been interest in using end functionalized low molecular weight 
polymers as building blocks for block, star, and graft copolymers; particularly the 
synthesis of low molecular weight poly(amide urethane)s with well defined end 
groups as precursors for powder coatings is of interest.  
The preparation of oligomers from A-B monomers using the second approach - the 
inequivalence of functional groups - needs the addition of a second monomer with 
suitable functional end groups. In this case not only the molecular weight but also the 
nature of the end groups is adjusted. By addition of certain amounts of the di- or tri-
O-phenyl urethane comonomer 71 or 73, the degree of polymerization for a complete 
conversion of the functional groups is determined by equation 3.1. By this procedure 
also the architecture of the polymers can be adjusted: linear or star shaped molecules 
are obtained (Equation 3.3 and 3.4) 
3.2.1 Synthesis of linear poly(amide urethane)s with predetermined molecular 
weight and functional end groups  
In order to control the molecular weight of linear poly(amide urethane)s, a certain 
amount of hexamethylene bis(O-phenyl urethane) was added to a-hydroxy-w-O-
phenyl urethanes 55a or 55b prior to the polycondensation reaction (Equation 3.3). 
 
N
H
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N
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O
PhO
O
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N
H
(CH2)6
N
H
OPhPhO
O
71
O
H
N
(CH2)3
n
2
O
O
72a, b1, b2, and b3
(3.3)
72a = 55a / 71 = 6.75/1
72b1 = 55b / 71 = 9.00/1
72b2 = 55b / 71 = 5.33/1
72b3 = 55b / 71 = 4.46/1
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The 1H NMR spectrum shows the absence of CH2OH end groups, and confirms the 
formation of poly(amide urethane)s. This is strongly confirmed upon comparison of 
the 1H NMR spectra of 56b (Figure 3.3b) and 72b1 (Figure 3.20). 
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Figure 3.20: 1H NMR spectrum of poly(amide urethane) 72b1 in CF3COOD obtained 
via polycondensation of a-hydroxy-w-O-phenyl urethane 55b and hexamethylene 
bis(O-phenyl urethane) at 90 °C. 
 
The synthetic details and characteristics of poly(amide urethane)s 72a,72b1,b2 and 
b3 are summarized in Table 3.5. 
The dependence of theoretically calculated and experimentally determined molecular 
weight on the value of q is depicted in Table 3.5. On increasing the concentration of 
[PhOCONH-] functional groups by adding 71, the molecular weight decreases. This 
indicates that by adjusting the value of q (ratio of functiona lity), the molecular weight 
of the poly(amide urethane)s can be controlled. It has to be mentioned here that the 
nM NMR value of polymers was obtained dividing the respective GPC value by a 
factor of 5. This will be discussed further in subsection 3.3.1.3.  
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Table 3.5: Reaction conditions, yield, ratio of functionality (q), molar ratio of 55a or 
55b and 71, and comparison of theoretically calculated and experimentally 
determined molecular weight of poly(amide urethane)s. 
Polymer 
 
t/h Yield 
in % 
q 
 
Molar 
ratio 
nM   
Carothers 
*
nM  
NMR 
nM  
GPC 
D 
72a 
 
2n+3r 80 1/1.30 55a/71 = 
6.75/1 
1896 1540 7700 1.76 
72b1 
 
2n+4r 85 1/1.22 55b/71 = 
9.00/1 
2520 2160 10800 1.58 
72b2 
 
2n+3r 78 1/1.37 55b/71 = 
5.33/1 
1727 1460 7300 1.40 
72b3 
 
2n+3r 69 1/1.45 55b/71 = 
4.46/1 
1523 1000 5000 1.29 
nat nomal pressure (1 bar), rat reduced pressure (10-2 mbar), 
q = ratio of functionality = [HO-] / [PhOCONH-], D = nw  / MM , 
*
nM  NMR values were taken to be 1/5 of the GPC values 
 
3.2.2 Three arm star shaped poly(amide urethane)s with predetermined 
molecular weight and functional end groups  
A certain amount of trifunctional coupling agent tris(O-phenyl urethane)amine 
hydrochloride 73 was added to a-hydroxy-w-O-phenyl urethanes 55a or 55b in the 
presence Bu2Sn(OCH3)2 as a catalyst (Eq. 3.4).  
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The synthetic details and characteristics of poly(amide urethane)s 74a-b are 
summarized in Table 3.6. 
Table 3.6: Reaction conditions, yield, ratio of functionality (q), molar ratio of 55a or 
55b and 73, and comparison of calculated and experimentally determined molecular 
weight of poly(amide urethane)s.  
Polymer 
 
t/h Yield 
in % 
q 
 
Molar 
ratio 
nM  
Carothers 
*
nM  
NMR 
nM  
GPC 
D 
74a 
 
2n+3r 83 1/1.27 55a/73 = 
10.94/1 
2319 1540 7700 1.84 
74b 
 
2n+3r 71 1/1.26 55b/73 = 
11.52/1 
2396 1560 7800 1.66 
n = at normal pressure (1 bar), r = at reduced pressure (10-2 mbar) 
q = ratio of functionality = [HO-] / [PhOCONH-], D = nw  / MM  
*
nM  NMR values were taken to be 1/5 of the GPC values 
 
Table 3.6 shows the same influence of the value q as it was observed in Table 3.5. 
With increasing value of q, the molecular weight increases.  
Finally it is concluded that the molecular weight of the poly(amide urethane)s can be 
controlled by adjusting the concentration of [PhOCONH-] functional groups using 
difunctional 71 or trifunctional 73 reagents. 
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3.2.3 Synthesis of poly(amide urethanes)s with predetermined functional end 
groups 
After performing the synthesis of low molecular weight poly(amide urethane)s, the 
main task is to introduce some desired functional end groups, i.e., -OH and -COOH 
into the polymers. These hydroxy as well as carboxy-terminated polymers can be 
cross- linked to prepare coating materials. To fulfill this requirement, the synthesis of 
poly(amide urethane)s with hydroxy as well carboxy end groups is performed in 
following way.  
3.2.3.1 Synthesis of poly(amide urethane)s with carboxy end groups  
To introduce carboxy end groups into the poly(amide urethane)s 56a-f, a model 
reaction starting with hexamethylene bis(O-phenyl urethane) and the sodium salt of 
e-aminocaproic acid was performed at 100 °C in DMAc to obtain quantitative 
conversion of the O-phenyl urethane groups into carboxy groups according to Scheme 
3.7. 
The obtained product was characterized by means of NMR spectroscopy, which 
shows that all phenyl groups were converted and confirms the formation of product 
77. 
The synthesis of carboxyl terminated poly(amide urethane)s was carried out in the 
same way. Therefore, polymer 72b3 ( nM  = 5000) was reacted with the sodium salt 
of e-aminocaproic acid (Scheme 3.8).  
The obtained product was characterized by means of 1H NMR spectroscopy, which 
shows no phenyl end group and confirms the formation of product 79. 
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Scheme 3.7: Model reaction for the synthesis of carboxyl terminated poly(amide 
urethane)s. (i) 71 / 75 = 1/5, 5 mL DMAc, T = 95-100 °C, t = 2 h at normal pressure, 
and t = 2 h at reduced pressure (p = 10-2 mbar); (ii) 5% HCl. 
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Scheme 3.8: Synthesis of carboxyl terminated poly(amide urethane)s. (i) 72b3 / 75 = 
1/11.5, 1.6 mL DMAc, T = 90 °C, t = 2 h at normal pressure, and t = 2-3 h at reduced 
pressure; (ii) dissolution of the product in formic acid, precipitation into diethyl ether 
and maceration of the precipitate with H2O. 
 
3.2.3.2 Synthesis of poly(amide urethane)s with hydroxy end groups  
To introduce hydroxy end groups into polymers 56a-f, a model reaction starting from 
hexamethylene bis(O-phenyl urethane) and 3-amino-1-propanol was performed at 
100 °C in DMAc to obtain quantitative conversion of the O-phenyl urethane groups 
into hydroxy groups (Scheme 3.9 step i).  
The product was characterized by means of NMR spectroscopy, which shows no 
phenyl groups and confirms the structure of product 80.  
The synthesis of hydroxy terminated poly(amide urethane)s was performed in the 
same way. Therefore, a chain analogous reaction of polymer 72b3 with 3-amino-1-
propanol was carried out at 90 °C (Scheme 3.9 step ii). 
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Scheme 3.9: Model reaction for the synthesis of hydroxy terminated poly(amide 
urethane)s and synthesis of poly(amide urethane)s with hydroxy end groups; (i) 71 / 
53b = 1/10, 2 mL DMAc, T = 90 °C, t = 1 h at normal pressure, t = 1.5-2 h at reduced 
pressure. (ii) 72b3 / 53b = 1/10, 1.5 mL DMAc, T = 90 °C, t = 2 h at normal pressure, 
and t = 3 h at reduced pressure.  
 
The purified product was characterized by means of 1H NMR spectroscopy, which 
shows the absence of phenyl end groups. This confirms the formation of product 81. 
The reaction conditions, molecular weight, polydispersity and yield of poly(amide 
urethane)s containing different functional end groups are summarized in Table 3.7.  
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Table 3.7: Reaction conditions, number average molecular weight, polydispersity and 
yield of poly(amide urethane)s with different functional end groups.    
Polymer Functional 
end group 
T/°C t/h 
 
nM  
 
nw  / MM  Yield in 
% 
 
72b3 PhOCONH- 90 2n+3r 5000 1.29 70 
79 HOOC- 100 2n+2r 5250 1.49 84 
81 HO- 90 2n+3r 6100 1.24 86 
n = at normal pressure (1 bar), r = at reduced pressure (10-2 mbar) 
nM  and nw  / MM  were determined by GPC in DMAc with polystyrene standards 
 
Table 3.7 shows that all poly(amide urethane)s were obtained in high yield. The 
number average molecular weights determined by means of GPC in DMAc are 
similar ( nM  = 5000-6100) and the polydispersity is in the range of 1.24 to 1.49. The 
chain analogous reactions were performed employing the lower mass poly(amide 
urethane) or oligo(amide urethane) 72b3 ( nM  = 5000) containing O-phenyl urethane 
end groups as starting materials. That is why poly(amide urethane)s containing 
carboxy 79 and hydroxy end groups 81 show lower molecular weight determined by 
means of GPC, i.e., nM  = 5250 and 6100, respectively.  
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3.2.4 Thermal properties of poly(amide urethane)s with different functional 
end groups  
The thermal behavior of poly(amide urethane)s with different functional end groups 
was studied by means of DSC measurements. It shows the semicrystalline nature of 
all polymers, but on cooling no crystallization was observed. The results are 
summarized in Table 3.8.  
Table 3.8: DSC data of poly(amide urethane)s with different functional end groups. 
First heating Cooling Second heating Polymer Functional 
end group Tm/°C        DHm/J/g Tc/°C        DHc/J/g Tm/°C   DHm/J/g 
72b3 PhOCONH- 135.5          36.65 no crystallization 132.0          5.97 
79 HOOC- 137.6          48.36 ,, 137.5          6.21 
81 HO- 125.6          37.28 ,, 22.5         27.41 
 
 
From DSC measurements, an influence of the functional end groups on the polymer 
properties is observed. Special attention must be dedicated to the high values of DHm 
of the poly(amide urethane) with carboxy end groups. This functional end group acts 
as a nucleating agent and increases the crystallinity of the polymer.   
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3.3 Synthesis of poly(amide urethane)s using e -caprolactam, amino alcohols, and 
carbonic acid esters  
The use of carbon dioxide for the preparation of polymers is an excellent option from 
an economical and especially from an ecological point of view. Ethylene carbonate 
and diphenyl carbonate are two examples of reagents (monomers) used in polymer 
synthesis, which are prepared from ethylene oxide and carbon dioxide69, from phenol 
and urea69 or from phenol and carbon monoxide70. In this subsection we describe the 
use of diphenyl carbonate and ethylene carbonate for the preparation of alternating 
poly(amide urethane)s with special emphasis on the differences in the microstructure 
and thermal properties of the resulting polymers. 
3.3.1 Synthesis of poly(amide urethane)s from e -caprolactam, amino alcohols 
and ethylene carbonate 
Alternating poly(amide urethane)s 83a-f were obtained from e-caprolactam 52, a 
homologous series of amino alcohols 53a-e, and 1-amino-2-propanol 53f with 
ethylene carbonate (Scheme 3.10). The synthesis of poly(amide urethane)s 56a-f 
using diphenyl carbonate as carbonic acid source has been described in section 3.1. 
Due to the toxicity of phenol, the use of ethylene carbonate as carbonic acid source 
seems to be an excellent alternative of diphenyl carbonate leading to poly(amide 
urethane)s with nearly the same microstructure but different end groups as will be 
discussed in this subsection. 
The synthesis of a-hydroxy-w-O-hydroxyethyl urethanes 82a-f was performed 
employing a-hydroxy-w-amino amides 54a-f and ethylene carbonate in water as 
reaction medium at room temperature. The crude products were obtained in high 
purity as was deduced from NMR analysis, cf. 1H NMR spectrum of 82c (Figure 
3.21). The resonance lines of the methylene protons adjacent to the newly formed 
urethane group -OCO-NH-CH2, -CH2-OCO-NH, and the resonance lines of the 
urethane protons OCO-NH assigned at d = 3.00, 4.20, and 7.10 ppm confirm that 
under the reaction conditions only the amine group, not the hydroxy group has 
reacted. The NMR details of all a-hydroxy-w-O-hydroxyethyl urethanes 82a-f are 
given in the experimental part.   
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Scheme 3.10: Synthesis of poly(amide urethane)s from e-caprolactam, amino 
alcohols, and ethylene carbonate. (i) 52 / 53a-f = 1/5, H2O, T = 200 °C in autoclave, t 
= 23-30 h; (ii) 54a-e / ethylene carbonate = 1/1.25, H2O, r.t., t = 44-69 h; 54f / 
ethylene carbonate = 1/5, T = 60 °C, t = 24 h; (iii) 82a-f, 5 wt.-% Bu2Sn(OCH3)2, T = 
150 °C, t = 1-2 h at normal pressure and t = 3-6 h at reduced pressure (p = 10-2 mbar). 
 
The polycondensation of a-hydroxy-w-O-hydroxyethyl urethanes 82a-f was 
performed with Bu2Sn(OCH3)2 as a catalyst at 110, 130 and 150 °C for 1 h at normal 
pressure and 3-4 h at reduced pressure. At 110 °C and 130 °C the conversion was very 
low. At 150 °C the nM  values of polymers 83a-f were similar as those of polymers 
56a-f obtained via polycondensation of 55a-f. 
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Figure 3.21: 1H NMR spectrum of a-hydroxy-w-O-hydroxyethyl urethane 82c.  
 
3.3.1.1 Comparison between the microstructure of poly(amide urethane)s 
The purified polymers 83a-f show similarities but also differences to 56a-f. A 
comparison of the 1H NMR spectra of polymer 56c and 83c reveals differences in the 
microstructure: the ratio of amide, urethane, and urea units is 100/80/5 in polymer 56c 
and 100/64/15 in polymer 83c (Figure 3.22). The reason for the increase of urea 
linkages in polymer 83a-f is the elimination of ethylene carbonate from the chain end 
at higher temperature and the formation of a-hydroxy-w-amino amides. These react 
subsequently with the a-hydroxy-w-O-hydroxyethyl urethane to produce a urea 
linkage (Scheme 3.11); Rokicki et al.54 made the same observations. Support for this 
mechanism of urea linkage formation comes from 1H NMR analysis of the 
condensate, which beside ethylene glycol proves the presence of ethylene carbonate.  
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Figure 3.22: 1H NMR spectra of (a) poly(amide urethane) 56c obtained via 
polycondensation of a-hydroxy-w-O-phenyl urethane 55c at 120 °C and (b) 
poly(amide urethane) 83c obtained via polycondensation a-hydroxy-w-O-
hydroxyethyl urethane 82c at 150 °C. 
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Scheme 3.11: Formation of poly(amide urethane)s with urea linkages. 
 
At this point, it should be mentioned that all GPC curves of polymers 56a-f and 83a-f 
show unimodal molecular weight distributions, and all NMR spectra show resonance 
lines which are in agreement with the proposed structure of alternating poly(amide 
urethane)s containing variable amounts of urea groups. 
3.3.1.2 Comparison of thermal properties of two homologous series of 
poly(amide urethane)s 
In order to determine the influence of the microstructure and the end groups on the 
thermal properties, poly(amide urethane)s 56a-e and 83a-e were analyzed by means 
of TGA and DSC. 
 
 
 
 
 3 Results and discussion 
   68 
3.3.1.2.1 Thermal gravimetric analysis 
The TGA thermograms of poly(amide urethane)s 56a-e and 83a-e (Figure 3.23) show 
a dependence of the degradation temperature on microstructure and possibly on end 
groups. 
There are several similarities between the degradation of the poly(amide urethane)s 
56a-e and 83a-e : (i) The degradation temperature increases with increasing number of 
methylene groups in both series of poly(amide urethane)s. (ii) For 2-amino-1-ethanol, 
3-amino-1-propanol, 4-amino-1-butanol in the repeating units, a clear two step 
decomposition is observed, while this is not observed for 5-amino-1-pentanol and 6-
amino-1-hexanol. This indicates that the polymers decompose via different 
mechanisms: those with lower amino alcohols in the repeating unit decompose by 
back-biting reactions with formation of cyclic urethanes while those with a higher 
number of methylene groups in the repeating unit show random chain cleavage with 
formation of isocyanates which is a characteristic of urethane linkages. A comparison 
of a 5, 10, 50, and 90% weight loss of the polymers as a function of temperature 
shows no significant difference between the two series of polymers (Table 3.2 and 
Table 3.9). 
Table 3.9: Temperature of poly(amide urethane)s 83a-e at different weight loss 
measured by means of TGA. 
Polymer nM GPC T/°C at 5% 
weight loss 
T/°C at 10% 
weight loss 
T/°C at 50% 
weight loss 
T/°C at 90% 
weight loss 
83a 7100 214 246 302 454 
83b 10900 251 270 313 434 
83c 7600 252 275 334 436 
83d 9500 267 292 351 442 
83e 7500 252 284 362 457 
 
According to Table 3.2 and Table 3.9, the temperature at 50% weight loss increases 
with increasing number of methylene groups in both series of poly(amide urethane)s 
56a-e and 83a-e. 
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Figure 3.23: TGA of the polymers (heating rate: 10 K/min). (a) poly(amide 
urethane)s 56a-e obtained via polycondensation of a-hydroxy-w-O-phenyl urethanes 
55a-e at 120 °C; (b) poly(amide urethane)s 83a-e obtained via polycondensation of a-
hydroxy-w-O-hydroxyethyl urethanes 82a-e at 150 °C. 
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3.3.1.2.2 Differential scanning calorimetry 
The DSC measurements show that both series of polymers 56a-e and 83a-e are 
semicrystalline materials. Typical DSC traces reveal on first heating a small 
crystallization peak before melting (Figure 3.24). On comparison of DSC data (Table 
3.3 and Table 3.10) obtained for the poly(amide urethane)s 56a-e and 83a-e the 
differences in melting temperature and enthalpy between the two series of polymers 
are small; both the melting temperature and the enthalpy are lower for 83a-e. On 
cooling a broad crystallization peak is observed indicating that crystallites of different 
size are formed, which influences the melting temperature and melting enthalpy on 
the second heating.   
Table 3.10: Thermal data of the poly(amide urethane)s 83a-e obtained by means of 
DSC (heating and cooling rate: 10 K/min).  
First heating Cooling Second heating Polymer nM GPC 
Tm/°C DHm/J/g Tc/°C DHc/J/g Tm/°C DHm/J/g 
83a 7100 163.1 68.24 95.4 -10.57 161.4 36.06 
83b 10900 164.9 52.74 101.2 -36.68 155.4 38.35 
83c 7600 180.3 59.88 139.5 -52.22 175.5 52.20 
83d 9500 139.4 69.74 66.7 -40.09 138.9 41.77 
83e 7500 140.6 40.78 81.6 -42.27 139.4 41.36 
 
The melting temperature of both series shows that the poly(amide urethane)s with an 
even number of carbon atoms in the amino alcohol units have a higher melting point 
than those with an odd number of carbon atoms (Figure 3.25). This pronounced even-
odd effect was observed earlier for [n]-polyamides71, [n]-polyurethanes41,57 and 
poly(ester amide)s72,73.  
A comparison between both graphs (Figure 3.25) shows that for poly(amide 
urethane)s 56a-e the even-odd effect is more pronounced than for 83a-e. 
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Figure 3.24: DSC traces of polymers (heating and cooling rate: 10 K/min) (a) 
poly(amide urethane) 56b (b) poly(amide urethane) 83b. 
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Figure 3.25: Melting points of polymers (second heating); (a) poly(amide urethane)s 
56a-e obtained via polycondensation of 55a-e in bulk at 120 °C. (b) poly(amide 
urethane)s 83a-e obtained via polycondensation of 82a-e in bulk at 150 °C.  
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3.3.1.3 Comparison of the reactivity of a -hydroxy-w-O-phenyl urethanes and a -
hydroxy-w-O-hydroxyethyl urethanes 
Preliminary experiments have shown that a-hydroxy-w-O-phenyl urethanes 55a-f are 
more reactive than a-hydroxy-w-O-hydroxyethyl urethanes 82a-f. In order to obtain 
comparable rates, polycondensation of a-hydroxy-w-O-phenyl urethane 55f was 
performed at 90 °C and that of a-hydroxy-w-O-hydroxyethyl urethane 82f at 150 °C 
with time dependent analyses of conversion and molecular weight. Using 1H NMR 
spectroscopy conversion and molecular weight were determined, and by means of 
GPC nM  and nw  / MM  were determined using a calibration with polystyrene 
standards. Typical time dependent GPC elution curves (Figure 3.26) reveal qualitative 
data on the reaction rates, e.g. a molecular weight of nM  = 3900 is obtained after 140 
min starting with a-hydroxy-w-O-hydroxyethyl urethane 82f at 150 °C and a 
molecular weight of nM  = 4200 is obtained after 10 min starting with a-hydroxy-w-
O-phenyl urethane 55f at 90 °C. It should be noted that all GPC curves are unimodal 
showing some resolution of the oligomers. 
The dependence of nM  on time was determined for the polycondensation of 55f and 
82f. Figure 3.27 shows that even at 150 °C the conversion of end groups is lower for 
hydroxy-ethyloxy activated urethanes than for phenoxy activated urethane groups. In 
other words, the nucleophilic substitution of phenol is a faster reaction than the 
substitution of ethylene glycol due to the fact that phenol is the better leaving group. 
Under these conditions the average degree of polymerization is approx. 5. The 
nM GPC values are in agreement with nM NMR values, and in both plots (Figure 
3.27a and b) a limiting value is observed; however, by using polystyrene calibration 
the molecular weights obtained by means of GPC are by a factor of 5 higher than 
molecular weights obtained by means of NMR. The polydispersity shows values 
around 1.6. 
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Figure 3.26: GPC traces of poly(amide urethane)s at various reaction times (a) 
polycondensation of 55f at 90 °C in bulk (b) polycondensation of 82f at 150 °C in 
bulk. 
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Figure 3.27: Polycondensation of 55f and 82f in bulk at 90 and 150 °C, respectively. 
(a) nM NMR versus time; (b) nM GPC versus time.   
 
The dependence of nM  on conversion (Figure 3.28) shows a characteristic shape. At 
conversions below 50% (where the molecular weight of the end groups has a high 
contribution) the nM  values of the polymers derived from a-hydroxy-w-O-phenyl-  
urethanes 55f are higher than the nM  values of the polymers derived from a-
hydroxy-w-O-hydroxyethyl urethanes 82f. At a conversion of 80% the two curves are 
nearly identical as would be expected. 
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Figure 3.28: nM  as a function of conversion; polycondensation of 55f and 82f in 
bulk at 90 and 150 °C, respectively. 
 
3.3.1.4 Advantages of ethylene carbonate over diphenyl carbonate 
Economically and ecologically, there are some advantages of using ethylene 
carbonate instead of diphenyl carbonate for the preparation of poly(amide urethane)s: 
(i) Ethylene carbonate has a lower prize. (ii) With ethylene carbonate the aminolysis 
is performed in water while with diphenyl carbonate the aminolysis requires 
methylene chloride. (iii) During the polycondensation of a-hydroxy-w-O-
hydroxyethyl urethanes, ethylene glycol is formed as a by-product, which is less toxic 
than phenol. 
3.3.2 The use of dimethyl carbonate to prepare poly(amide urethane)s: an 
unsuccessful route  
An attempt was also made to prepare poly(amide urethane)s using dimethyl carbonate 
instead of diphenyl carbonate; the advantage again would result from the condensate 
produced, i.e. methanol instead of phenol. Dimethyl carbonate was reacted with the a-
hydroxy-w-amino amide 54b to prepare a-hydroxy-w-O-methyl urethane 85. The 
reaction was performed in different solvents, i.e., CH2Cl2, ethanol, and dimethyl 
carbonate at different temperatures, i.e., r.t., 60 °C, 70 °C, and 90-95 °C. The 
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following observations based on NMR analyses were made: (i) At room temperature 
as well as at 60 °C in methylene-chloride, no conversion was observed. (ii) At room 
temperature as well as at 90 °C in ethanol, no conversion was observed. (iii) By using 
dimethyl carbonate as a solvent and reagent at 95 °C, it was found that both the 
hydroxy and the amino group reacted leading to the formation of a-O-methyl 
carbonate-w-O-methyl urethane 86. (iv) At 60 °C as well as at 70 °C with excess of 
dimethyl carbonate, a mixture of compounds 85 and 86 was obtained. As a 
consequence, dimethyl carbonate is not an alternative reagent for the preparation of 
poly(amide urethane)s. 
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3.4 Synthesis of alternating poly(amide urethane)s using e -caprolactone, 
diamines and diphenyl carbonate  
In section 3.1 and 3.3, the successful syntheses of poly(amide urethane)s from e-
caprolactam, amino alcohols, and diphenyl carbonate or ethylene carbonate were 
reported including their thermal properties. In this section, we focus on a different 
route to synthesize poly(amide urethane)s comprising alternating amide and urethane 
linkages.    
The synthesis of alternating poly(amide urethane)s 91b-c was performed in three 
steps (Scheme 3.12). In the first step the diamines 88b-c react with e-caprolactone 87 
inducing ring opening in a selective manner resulting in the a-hydroxy-w-amino 
amides 89b-c. In the second step the a-hydroxy-w-amino amides 89b-c react with 
diphenyl carbonate selectively to give a-hydroxy-w-O-phenyl urethanes. Finally, a-
hydroxy-w-O-phenyl urethanes 90b-c are converted to the corresponding poly(amide 
urethane)s 91b-c via polycondensation in bulk.  
The a-hydroxy-w-amino amides were obtained by aminolysis of e-caprolactone with 
excess of diamine to prevent the oligomerization of e-caprolactone. For the 
preparation of the a-hydroxy-w-O-phenyl urethanes 90b-c, the a-hydroxy-w-amino 
amides 89b-c were treated with diphenyl carbonate in a mixture of methylene chloride 
and methanol as solvents at room temperature. Under these conditions only the amino 
groups react with diphenyl carbonate, not the hydroxy groups. The a-hydroxy-w-O-
phenyl urethanes were obtained in high purity and used as starting material for the 
polycondensation. The polycondensation was performed at 90 °C in the presence of 
Bu2Sn(OCH3)2 (5 wt.-%) as a catalyst.  
The 1H NMR spectrum (Figure 3.29) of 89b in DMSO-d6 shows resonance signals of 
the protons of the amide linkage, CH2OH and CH2NH2 assigned at d = 7.78, 3.50, 
and 2.50 ppm, respectively, and confirms the formation of the product. 
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Scheme 3.12: Synthesis of alternating poly(amide urethane)s; (i) 87 / 88b-c= 1/5, T = 
r.t., t = 20 h; (ii) diphenyl carbonate / 89b-c = 1.25/1, CH2Cl2 and CH3OH (10%), T = 
r.t., t = 24 h; (iii) 90b-c, Bu2Sn(OCH3)2, T = 90 °C, t = 1 h at normal pressure and t = 
4-5 h at reduced pressure.  
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Figure 3.29: 1H NMR spectrum of 89b in DMSO-d6. 
 
The 1H NMR (Figure 3.30) spectrum of 90b illustrates clearly resonance lines of the 
protons of the newly formed urethane linkage and the phenyl group at d = 7.00 and 
7.00-7.50 ppm, respectively. The disappearance of the CH2NH2 signal at d = 2.50 
ppm shows that full conversion was obtained. All these facts confirm the formation of 
product 90b. 
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Figure 3.30: 1H NMR spectrum of 90b in DMSO-d6. 
 
The 1H NMR spectra (Figure 3.31) in DMSO-d6 and TFA-d of the poly(amide 
urethane) 91b show resonance signals for each methylene group. In DMSO-d6 the 
resonance lines of the protons of the urethane and amide linkages were assigned at d = 
7.00-7.10 and 7.70-7.90 ppm, respectively. A resonance signal with small intensity 
was observed at d = 5.75 ppm attributed to the protons of urea linkages as was 
observed in both series of poly(amide urethane)s 56a-e and 83a-e. In TFA-d, the 
resonance lines of the protons of the amide and urethane linkages cannot be observed 
due to the fast exchange with the solvent.  
We have already reported the formation of different end groups analyzed by means of 
1H NMR spectroscopy in DMSO-d6 and TFA-d, i.e., the CH2OOCH end group (in 
DMSO-d6), CH2OOCH, CH2OOCCF3 (in TFA-d) in Figure 3.3 and OCH3 (d = 3.50 
ppm in DMSO-d6, and d = 3.85 ppm in TFA-d) in Scheme 3.3.  
In addition it has to be mentioned that for urethane proton, two resonance lines in 
DMSO-d6 (d = 7.08 and 6.72 ppm) with an intensity ratio of 9:1 corresponding to E  
and Z conformers were observed, similarly to the poly(amide urethane)s 56b in Figure 
3.3a. 
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The characteristic chemical shifts of the methylene protons adjacent to the functional 
groups are given in the experimental part. 
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Figure 3.31: 1H NMR spectra of poly(amide urethane) 91b in (a) DMSO-d6 (b) TFA-
d. 
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The reactions conditions, number average molecular weights, polydispersities and 
yields of poly(amide urethane)s are given in Table 3.11.  
Table 3.11: Characteristics of poly(amide urethane)s 91b-c.  
Polymer t/h Yield in % nM  wM  nw  / MM  
91b 1n+4r 63 6000 7500 1.25 
91c 1n+4.5r 62 5200 6800 1.30 
nat normal pressure, rat reduced pressure (p = 10-2 mbar) 
 
Table 3.11 shows that the molecular weights of the poly(amide urethane)s 91b-c ( nM  
= 6000 for 91b and nM  = 5200 for 91c) are lower than that of poly(amide urethane)s 
56b-c ( nM  = 7400 for 56b and nM  = 8300 for 56c) obtained via polycondensation 
of 55b-c at 120 °C. The poly(amide urethane)s 91b-c were obtained in lower yield 
and lower polydispersity, which can be explained by fractionation of the products 
during the isolation. 
However, the microstructure of poly(amide urethane)s 91b and 91c is nearly the same 
as that of poly(amide urethane)s 56b-c obtained from e-caprolactam and amino 
alcohols.  
3.4.1  Thermal properties of poly(amide urethane)s 
DSC analysis (Figure 3.32) shows that both poly(amide urethane)s 91b-c are 
semicrystalline polymers. A characteristic DSC plot (Figure 3.32a) shows that upon 
first heating polymer 91b contains three endothermic peaks (Tm = 118.8, 144.8 and 
160.6 °C) and upon second heating two endothermic peaks (Tm = 149.9 and 
161.3 °C), which is explained by polymorphism. A characteristic dependence of the 
methylene group on the melting temperature is observed, i.e., the melting temperature 
increases with increasing number of methylene groups in the diamine unit (Table 
3.12). It should be mentioned that polymer 91c (DHm = 81.16 J/g) has higher 
crystallinity than 91b (DHm = 60.06 J/g). On cooling a broad crystallization peak (Tc = 
81 °C) is observed for 91b indicating that crystallites of different modification and 
size are formed, while a narrow crystallization peak (Tc = 170.7 °C) is observed for 
91c, influencing the melting temperature and melting enthalpy on the second heating. 
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It has to be mentioned that for both polymers upon first heating the melting enthalpy 
is higher than upon second heating.  
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Figure 3.32: DSC traces of poly(amide urethane)s; (a) 91b (b) 91c. 
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Table 3.12: Thermal characteristics of poly(amide urethane)s 91b and 91c. 
First heating Cooling Second heating Name nM GPC D 
Tm/°C DHm/J/g Tc/°C DHc/J/g Tm/°C DHm/J/g 
91b 6000 1.25 118.8 
144.8 
160.6 
60.06 
 
81.0 -47.35 149.9 
161.3 
56.36 
 
91c 5200 1.30 209.1 81.16 170.7 -62.6 195.2 
209.4 
66.05 
 
D = nw  / MM  
3.4.2 Comparison of thermal properties of two poly(amide urethane)s  
In order to determine the influence of the chemical structure on the thermal properties, 
the TGA and DSC results of poly(amide urethane) 91b were compared with those of 
56b (obtained via polycondensation of 55b at 120 °C).  
In section 3.3, we compared the dependence of the thermal properties of poly(amide 
urethane)s 56a-e and 83a-e as a function of the number of methylene groups in amino 
alcohol units. In this subsection, we compare the influence of different isomers 
prepared by the same procedure on the thermal properties. 
TGA analysis shows the decomposition of poly(amide urethane) 91b in one step 
while for poly(amide urethane) 56b it occurs in two steps (Figure 3.33).  
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Figure 3.33: TGA traces of poly(amide urethane)s 91b and 56b. 
 
The mechanism of decomposition of the poly(amide urethane) 91b and 56b must be 
depending on their chemical structure (the microstructure of poly(amide urethane) 
91b is isomeric to that of poly(amide urethane) 56b). The degradation mechanism of 
poly(amide urethane)s 56b and 91b can be understood via a retro synthesis of these 
polymers.  
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Scheme 3.13: Postulated retro synthesis of poly(amide urethane)s 91b and 56b 
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Poly(amide urethane) 91b decomposes by a Zip reaction, while poly(amide urethane) 
56b eliminates trimethylene urethane according to Scheme 3.13. It is postulated that 
the decomposition of 91b at high temperatures (T = 200-300 °C) results in a cyclic 
urea and e-caprolactone, and that of 56b in a cyclic urethane and polyamide-6. Upon 
the degradation of 91b, the cyclic urea and e-caprolactone are formed at the same 
time, because they have equal thermal stability. They are removed from the crucible 
as volatiles in the temperature range of 250-300 °C (Figure 3.33b). That is why the 
degradation of polymer 91b occurs in a single step. On the other hand the degradation 
of 56b results in a cyclic urethane and polyamide-6. At high temperatures (T = 250-
300 °C) a cyclic urethane is formed, and removed as a volatile compounds, while 
polyamide-6 remains at the bottom of the crucible. PA-6 is decomposed at 450 °C, 
which is a characteristic temperature of amide linkages. Therefore, the degradation of 
polymer 56b occurs in two steps (Figure 3.33b). 
In other terms, the decomposition of poly(amide urethane) 91b in one step indicates 
the cleavage of NH-CO-O- between the carbonyl and oxygen bond, and is followed 
by the formation of cyclic urea and e-caprolactone via a back bitting reaction (Scheme 
3.13), while the decomposition of poly(amide urethane) 56b occurs via CO-NH 
cleavage in two steps indicating the formation of the cyclic urethane and polyamide-6 
(Scheme 3.13). 
Table 3.13: Temperature of poly(amide urethane)s 91b and 56b at different weight 
loss measured by means of TGA. 
Polymer nM GPC T/°C at 5% 
weight loss 
T/°C at 10% 
weight loss 
T/°C at 50% 
weight loss 
T/°C at 90% 
weight loss 
91b 6000 230 239 268 318 
56b 7400 245 265 313 432 
 
TGA analysis (Table 3.13) shows that the decomposition of polymer 91b starts at 
230 °C (5% weight loss at 230 °C) while that of polymer 56b starts at 245 °C, 
indicating that polymer 56b is thermally more stable than 91b. This can be assumed 
according to Scheme 3.14, in which the degradation of polymer 91b is attributed to 
the cleavage between the -CO and -O, and that of 56b to the cleavage of the CO-NH 
linkage. It has already been proven in literature that cleavage between -CO and -NH 
occurs at higher temperature due to the presence of the hydrogen bond than the 
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cleavage between -CO and -O. All these facts are proven strongly by the fact that 50% 
weight loss for polymer 91b occurs at lower temperature (T = 268 °C) than for 
polymer 56b (T = 313 °C). 
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Scheme 3.14: Postulated mechanism of the degradation of poly(amide urethane)s 91b 
and 56b.  
 
DSC measurements show that poly(amide urethane)s 91b and 56b are semicrystalline. 
A typical DSC curve of polymer 91b upon second heating (Figure 3.34) reveals two 
endothermic peaks at Tm = 149.9 and 161.3 °C, while the DSC curve of polymer 56b 
(Figure 3.34) reveals only one endothermic peak at Tm = 153.7 °C. It means that 
polymorphism is observed in polymer 91b, but not in 56b. It should be mentioned that 
the DSC curve of polymer 56b shows a small crystallization peak at Tc = 125 °C 
before melting. The melting temperature of all polymers was observed nearly in the 
same range. 
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Figure 3.34: DSC curves of poly(amide urethane)s 91b and 56b (second heating: 10 
K/min). 
 
Table 3.14 summarizes the thermal characteristics of all polymers, and DSC curves 
upon first heating show that polymer 56b has higher crystallinity (DHm = 80.29 J/g) 
than polymer 91b (DHm = 60.06 J/g). 
Table 3.14: Thermal characteristics of poly(amide urethane)s 91b and 56b. 
First heating Cooling Second heating Polymer nM GPC D 
Tm/°C DHm/J/g Tc/°C DHc/J/g Tm/°C DHm/J/g 
91b 6000 1.25 118.8 
144.8 
160.6 
60.06 
 
81.0 -47.35 149.9 
161.3 
56.36 
 
56b 7400 1.51 154.1 80.29 81.4 -35.88 153.7 41.82 
D = nw  / MM  
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3.4.3 Comparison of the reactivity of two a -hydroxy-w-O-phenyl urethanes 
The polycondensation reactions of a-hydroxy-w-O-phenyl urethanes 90b and 55b 
were carried out under equal conditions, at T = 90 °C, t = 1.5 h at normal pressure, t = 
50 min at reduced pressure (p = 10-2 mbar) and with Bu2Sn(OCH3)2 (5 wt.-%). At 
selected intervals the samples were taken to compare the molecular weight of the 
polymers obtained. 
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Figure 3.35: Number average molecular weight as a function of time. 
 
The graph of nM  (determined by means of GPC) versus time (Figure 3.35) clearly 
shows that the polycondensation reaction of 55b is faster than that of 90b in both 
stages of the reaction. In the first stage the reaction was performed at normal pressure 
(till 95 minutes), i.e., the condensate (phenol) was not removed from the reaction 
mixture, and in the second stage the condensate was distilled off under reduced 
pressure (p = 10-2 mbar). In 90b the distance between the O-phenyl urethane and the 
amide linkage is shorter than in 55b, that is why the influence of hydrogen bonding of 
the amide linkage retards the rate of the polycondensation of 90b. Qualitative data 
determined by means of GPC shows that after 95 min nM  = 4300 is obtained upon 
polycondensation of 55b, and nM  = 3200 upon polycondensation of 90b. After 140 
min nM  = 6500 is obtained upon polycondensation of 55b, and nM  = 3500 upon 
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polycondensation of 90b. In addition it has to be mentioned that in both cases nM  
increases linearly with time.   
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3.5 Synthesis and thermal properties of copoly(amide urethane)s 
To produce powder-coating materials, various copolymers were synthesized and they 
were subjected to thermal analysis.  
The thermal properties of the copolymers obtained from different monomers, can be 
controlled by the molar ratio of the monomers. In this section we describe the 
synthesis of three series of copoly(amide urethane)s using different molar ratios of the 
respective monomers.  
(i) Copoly(amide urethane)s 95-1 to 95-9 using different molar ratios of a-
hydroxy-w-O-phenyl urethanes 55a and 55b. 
(ii) Copoly(amide urethane)s 96-1 to 96-9 using different molar ratios of a-
hydroxy-w-O-phenyl urethanes 55b and 55f. 
(iii) Copoly(amide urethane)s 97-1 to 97-5 using different molar ratios of a-
hydroxy-w-O-phenyl urethanes 55b and 90b. 
 
(i) Copoly(amide urethane)s 95-1 to 95-9 using different molar ratios of a-hydroxy-
w-O-phenyl urethanes 55a and 55b 
 
Synthesis of copoly(amide urethane)s 95-1 to 95-9 was performed using different 
molar ratios of a-hydroxy-w-O-phenyl urethanes 55a and 55b under the following 
conditions: T = 90 °C, t = 1-1.5 h at normal pressure, t = 3-4 h at reduced pressure (p 
= 10-2 mbar) (Scheme 3.15). The applied conditions were suitable to obtain a 
conversion of 80-90%. 
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Scheme 3.15: Synthesis of copoly(amide urethane)s 95-1 to 95-9 using different 
molar ratios of 55a and 55b; (i) 55a / 55b = 90/10-10/90, Bu2Sn(OCH3)2 (5 wt.-%) T 
= 90 °C, t = 1-1.5 h at normal pressure, and t = 3-4 h at reduced pressure (p = 10-2 
mbar). 
 
1H and 13C NMR analysis of each purified copolymer reveal a regular microstructure 
comprising alternating amide and urethane linkage. 1H NMR analysis of the 
copolymers reveals that the ratios of repeating units in the copolymers are in 
agreement with the monomer ratio used in the feed (Table 3.15). The number average 
molecular weight and the polydispersity of the copolymers were determined by means 
of GPC in DMAc using polystyrene calibration. The results show that the nM  values 
of the copolymers are comparable and the polydispersity index is in the range of 1.41 
to 2.09. All GPC curves of copolymers show a unimodal molecular weight 
distribution. The nw  / MM  values are strongly determined by the fractionation effect 
during isolation.  
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Table 3.15: Molar ratio of the repeating units, number ave rage molecular weight 
polydispersity, and yield of homo- and copolymers obtained upon polycondensation 
at 90 °C using different molar ratio of 55a and 55b. 
55a / 55b 
in mol/mol1 
55a / 55b 
repeating units 
in mol/mol2 
nM GPC nw  / MM  Yield in % 
100/00 100/00 7400 1.42 78 
90/10 88.96/11.04 7100 1.77 83 
80/20 78.67/21.33 7600 1.76 79 
70/30 68.55/31.45 7600 1.86 86 
60/40 60.39/39.61 10000 2.09 74 
50/50 50.87/49.13 7500 1.64 78 
40/60 40.97/59.03 9000 1.82 78 
30/70 30.39/69.61 7200 1.53 89 
20/80 20.36/79.64 7200 1.53 80 
10/90 11.71/88.29 6500 1.41 82 
00/100 100/00 7500 1.45 70 
1in the feed 
2calculated from 1H NMR spectra 
 
For the purpose of comparison, the 1H NMR spectra of homopolymers 56a and 56b, 
and two copolymers 95-4 and 95-6 (molar ratio of 55a / 55b = 60/40 and 40/60) are 
shown in Figure 3.36.  
1H NMR analysis in TFA-d of polymer 56a (Figure 3.36a) shows distinct proton 
resonance signals of OCH2, CONHCH2 and NHCH2 assigned at d = 4.50 (signal 10), 
3.90 (signal 9) and 3.32 (signal 2) ppm, respectively; the resonance signals of the 
same groups were assigned at d = 4.30 (signal 11), 3.75 (signal 9) and 3.30 (signal 2) 
ppm, respectively, for polymer 56b (Figure 3.36d). On increasing the content of 55b 
in the feed to obtain copolymers (Figure 3.36b and c), we clearly observe the decrease 
of the area of resonance signals 5 and 4 (d = 4.50 and 3.90 ppm, respectively) due to 
the repeating unit of 55a, and the increase in the area of resonance signals 3, 1 and 2 
(d = 4.35, 3.75 and 2.15 ppm, respectively) due to the repeating unit of 55b. The 
molar ratio of repeating units of 55a and 55b in the copolymers was calculated using 
 3 Results and discussion 
   95 
the area of the resonance line at d = 2.75 ppm (COCH2) and the resonance line 2 at d 
= 2.15 ppm (Figure 3.36b and c). 
We can observe a change in the area of resonance signals of the copolymers in the 1H 
NMR spectra in TFA-d (Figure 3.36a-d). 
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Figure 3.36: Change in the area of NMR lines of copolymers synthesized via 
polycondensation at 90 °C using different molar ratio of 55a and 55b; (a) poly(amide 
urethane) 56a (b) copoly(amide urethane) 95-4 (c) copoly(amide urethane) 95-6 (d) 
poly(amide urethane) 56b. 
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Thermal properties of copoly(amide urethane)s 95-1 to 95-9 
 
The DSC measurements show that all poly(amide urethane)s 56a, 56b, and 
copoly(amide urethane)s 95-1 to 95-9 are semicrystalline. Poly(amide urethane)s 56a 
and 56b show an endothermic peak upon first heating as well as upon second heating. 
The copoly(amide urethane)s (Table 3.16) show in many cases two or three 
endothermic peaks indicating polymorphism of these copolymers. In all cases the 
DHm value of the lower melting fraction is smaller than the DHm value of the higher 
melting fraction. The rate of crystallization of the copolymer melt is low. Usually 
during cooling no crystallization is observed. Only upon the second heating the 
samples crystallize before melting again. The melting points of the copolymers are 
lower than the melting point of the homopolymers. We can see an influence of the 
molar ratio of 55a and 55b on the thermal properties of the copolymers. For some 
copolymers (95-4 to 95-9), the melting point increases with concentration of 55b in 
the feed. Upon first heating the minimum melting peak (Tm = 127.4 °C) is observed 
for the copolymer 95-4 containing a composition of 55a / 55b = 60/40 in the feed, and 
the same is observed for the copolymer 95-5 containing a composition of 55a / 55b = 
50/50 in the feed (Tm = 133.3 °C) upon second heating. The maximum melting peak is 
observed for the copolymer 95-9 (55a / 55b = 10/90) upon first (Tm = 155.7 °C) as 
well as upon second heating (Tm = 156.7 °C). It has to be mentioned that on adding a 
small amount of 55b (10-20%) to 55a in the feed, the copoly(amide urethane)s 95-1 
and 95-2 show many endothermic peaks, while on adding small amount of 55a to 55b 
in the feed, the copoly(amide urethane)s 95-8 and 95-9 show only a single 
endothermic peak upon first heating as well as upon second heating. The thermal 
characteristics of the copolymers are summarized in Table 3.16. 
Poly(amide urethane)s 56a, 56b, and only three copolymers (95-7 to 95-9) show 
recrystallization upon cooling. A broad exothermic peak was observed indicating that 
crystallites of different size are formed. Some copolymers (Figure 3.37) upon second 
heating (55a / 55b = 80/20 to 40/60) show a glass transition temperature nearly in the 
same range (Tg = 7.0-10.8 °C).  
Consequently it is concluded that the thermal properties of copoly(amide urethane)s 
can be controlled employing certain amounts of 55a and 55b in the feed. 
 3 Results and discussion 
   98 
Table 3.16: Thermal characteristics of homo- and copoly(amide urethane)s analyzed 
by means of DSC. 
First heating Cooling Second heating Polymer 
Tm/°C DHm/J/g Tg/°C Tc/°C DHc/J/g Tm/°C DHm/J/g Tg/°C 
56a 158.8 61.15 -- 102.5 -32.62 158.4 36.82 -- 
95-1 85.9 
133.0 
149.3 
4.25 
37.07 
   145.3 33.49 -- 
95-2 93.5 
145.0 
131.4 
150.6 
9.00 
23.08 
-- -- -- 148.8 14.04 10.8 
95-3 99.0 
133.5 
146.0 
68.51 -- -- -- 142.8 13.08 8.8 
95-4 98.9 
127.4 
 
50.29 
 
-- -- -- 139.4 0.74 10.3 
95-5 101.6 
130.1 
22.80 
21.54 
-- -- -- 109.8 
133.3 
2.32 
1.85 
9.1 
95-6 102.9 
136.2 
13.93 
30.14 
-- -- -- 110.1 
137.6 
10.14 
25.05 
7.0 
95-7 100.6 
140.7 
21.69 
50.57 
-- 66.8 -27.86 103.7 
140.4 
27.92 
49.79 
-1.8 
95-8 151.5 48.89 -- 89.1 -36.55 151.3 35.38 -- 
95-9 155.7 41.70 -- 84.7 -30.42 156.7 31.61 -- 
56b 152.0 53.30 -- 134.26 -36.40 151.5 52.48 -- 
 
 3 Results and discussion 
   99 
 
-20 0 20 40 60 80 100 120 140 160 180
56b
95-9
95-8
95-7
95-6
95-5
95-4
95-3
95-2
95-1
56a
he
at
 fl
ow
T/°C
 
Figure 3.37: DSC curves of poly(amide urethane)s 56a-b and copoly(amide 
urethane)s 95-1 to 95-9 (second heating: 10 K/min). 
 
(ii) Copoly(amide urethane)s 96-1 to 96-9 using different molar ratios of a-hydroxy-
w-O-phenyl urethanes 55b and 55f 
 
The second series of copoly(amide urethane)s 96-1 to 96-9 was synthesized using 
different molar ratio of monomer 55b and 55f, at T = 90 °C, t = 1-1.5 h at normal 
pressure and t = 3-4 h at reduced pressure (p = 10-2 mbar) (Scheme 3.16). 
Monomers 55b and 55f were prepared according to Scheme 3.1. Both monomers have 
the same functionality and composition, but the difference between both monomers is 
that monomer 55b contains a primary alcohol and 55f a secondary alcohol. The 
synthesis of copoly(amide urethane)s was performed to see the influence of different 
molar ratios of 55b / 55f from 90/10 to 10/90 on the thermal properties.  
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Scheme 3.16: Synthesis of copoly(amide urethane)s 96-1 to 96-9 using different 
ratios of 55b and 55f; (i) 55b / 55f = 90/10-10/90, Bu2Sn(OCH3)2 (5 wt.-%) T = 
90 °C, t = 1-1.5 h at normal pressure, and t = 3-4 h at reduced pressure (p = 10-2 
mbar). 
 
The architecture of all copoly(amide urethane)s 96-1 to 96-9 was determined by 
means of 1H NMR spectroscopy followed by a comparison with homopolymers of the 
respective monomers. 
1H and 13C NMR analysis of each purified copolymer reveals a regular microstructure 
comprising alternating amide and urethane linkage. 1H NMR analysis of the 
copolymers reveals that the ratios of repeating units in the copolymers are in 
agreement with the monomer ratios in the feed (Table 3.17). The number average 
molecular weight and the polydispersity of the copolymers were determined by means 
of GPC in DMAc using polystyrene calibration. The results show that the nM  values 
of the copolymers are comparable ( nM  = 5400-8000) and the polydispersity is in the 
range of 1.28-1.52. In addition it should be mentioned that all GPC curves indicate a 
unimodal molecular weight distribution.  
To compare the microstructure of the polymers, the 1H NMR spectra in TFA-d of 
poly(amide urethane) 56f, copoly(amide urethane)s 96-9 (55b / 55f = 10/90), and 96-4 
(55b / 55f = 60/40) are shown in Figure 3.38a-c.   
The 1H NMR spectrum of polymer 56f (Figure 3.38a) shows a few distinct resonance 
signals at d = 5.22, 3.75 and 3.30 ppm assigned to OCH(CH3) (signal 10), CONHCH2 
(signal 9), and NHCH2 (signal 2), respectively. On increasing the content of 55b 
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(Figure 3.38b-c) in the feed, we clearly observe decreasing area of the signal 3 (d = 
5.22 ppm) belonging to the 55f repeating unit and the increasing area of the signals 1 
and 2 (d = 4.35 and 2.15 ppm, respectively) belonging to the 55b repeating unit of the 
copolymers. By comparison of the integration values of the signals at d = 2.75 and 
2.15 ppm, the composition of copolymers was determined (Table 3.17).  
Table 3.17: Molar ratio of the repeating units, number average molecular weight, 
polydispersity, and yield of homo- and copolymers obtained via polycondensation at 
90 °C using different molar ratio of 55b and 55f. 
55b / 55f 
in mol/mol1 
55b / 55f 
repeating units 
in mol/mol2 
nM GPC nw  / MM  Yield in % 
100/00 100/00 7500 1.45 70 
90/10 87.37/12.63 6700 1.40 66 
80/20 77.33/22.67 5800 1.34 56 
70/30 68.09/31.91 8000 1.52 69 
60/40 58.27/41.73 7600 1.46 62 
50/50 49.03/50.97 5400 1.33 71 
40/60 40.02/59.98 5600 1.30 86 
30/70 30.90/69.10 5400 1.28 89 
20/80 20.79/79.21 6700 1.33 86 
10/90 10.80/89.20 6100 1.33 87 
00/100 00/100 7500 1.62 89 
1in the feed 
2calculated from 1H NMR spectra 
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Figure 3.38: 1H NMR spectra of (a) poly(amide urethane) 56f (b) copoly(amide 
urethane) 96-9 (c) 96-4. 
 
Thermal properties of copoly(amide urethane)s 96-1 to 96-9 
 
The thermal properties of the copoly(amide urethane)s and poly(amide urethane)s 
were analyzed by means of DSC. An influence of the molar ratio of 55b and 55f on 
the thermal properties of copoly(amide urethane)s 96-1 to 96-9 becomes evident from 
the DSC results (Table 3.18).  
It was expected that the presence of the repeating unit 55f in the copolymer decreases 
the crystallinity of the polymer because of the side chains. The result is a polymer 
with non-regularly distributed achiral centers (atactic polymers are known to have 
reduced or no crystallinity).  
After analyzing the DSC results of the copolymers as well as homopolymers, special 
attention has to be paid towards their Tm, Tg, and DHm values. 
Table 3.18 shows that the melting temperature of copolymers decreases with 
increasing concentration of 55f in the feed. Poly(amide urethane) 56b shows an 
endothermic peak upon first heating as well as upon second heating, and a 
crystallization peak upon cooling at Tc = 134.26 °C. Two copolymers 96-1 and 96-2 
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containing a small amount of 55f in the feed, show an endothermic peak upon first 
heating as well as upon second heating, and a broad crystallization peak upon cooling 
as poly(amide urethane) 56b. Afterwards no copolymer shows a crystallization peak 
upon cooling indicating that the crystallinity of copolymers decreases with increasing 
concentration of 55f in the feed. 
 Table 3.18: Thermal characteristics of homo- and copoly(amide urethane)s analyzed 
by means of DSC. 
First heating Cooling Second heating Polymer 
Tm/°C DHm/J/g Tg/°C Tc/°C DHc/J/g Tm/°C DHm/J/g Tg/°C 
56b 152.0 53.30 -- 134.26 -36.40 151.5 52.48 -- 
96-1 159.4 66.45 -- 101.8 -45.01 154.7 39.73 -- 
96-2 154.6 68.53 -- 88.2 -25.37 152.6 44.74 -- 
96-3 150.1 65.00 -- -- -- 147.5 5.83 29.9 
96-4 143.5 44.31 -- -- -- -- -- 29.9 
96-5 103.4 
140.7 
30.93 
35.61 
-- -- -- 110.8 
138.6 
30.38 
22.49 
17.8 
96-6 92.0 
127.4 
34.85 
14.97 
-- -- -- -- -- 18.8 
96-7 89.2 43.39 -- -- -- -- -- 17.4 
96-8 78.1 29.69 -- -- -- -- -- 21.2 
96-9 86.0 25.13 -- -- -- -- -- 25.7 
56f 118.4 29.99 -- -- -- -- -- 33.5 
 
Upon first heating (Figure 3.39), no glass transition was observed. The melting 
transition of copoly(amide urethane)s for compositions of 55b / 55f = 10/90, 20/80 
and 30/70 was found to be lower than the melting transition of poly(amide urethane) 
56f. The melting point increases with the concentration of 55b. Copolymers 96-5 and 
96-6 (55b / 55f = 50/50 and 40/60, respectively) show two melting transitions, which 
is attributed to polymorphism. An influence of 55f can be observed upon the second 
heating. 
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Figure 3.39: DSC curves of poly(amide urethane) 56f and copoly(amide urethane)s 
96-1 to 96-9 (first heating: 10 K/min). 
 
Upon second heating (Figure 3.40), an influence of monomer 55f is clearly shown on 
the melting transition and glass transition of the copoly(amide urethane)s. In most of 
the cases the glass transition temperature increases slightly with increasing 
concentration of 55f. With a lower concentration of 55f in the feed (lower than 50%), 
the appearance of the melting transition is observed, which increases with the 
concentration of 55b. Two melting transition peaks were observed for the copolymer 
96-5 (55b / 55f = 50/50), and it crystallizes before each melting transition. 
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Figure 3.40: DSC curves of poly(amide urethane) 56f and copoly(amide urethane)s 
96-1 to 96-9 (second heating: 10 K/min). 
 
Finally, we conclude that the thermal properties (melting transition and glass 
transition) of the copolymers are controlled by the ratio of 55b and 55f. In this way, 
copolymers with desired thermal properties are prepared. 
 
(iii) Copoly(amide urethane)s 97-1 to 97-5 using different molar ratios of a-hydroxy-
w-O-phenyl urethanes 55b and 90 b 
 
In previous sections, copolymers of e-caprolactam, a,w-amino alcohols and diphenyl 
carbonate, and of e-caprolactone, a,w-diamines and diphenyl carbonate were 
discussed. 
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From a retro synthetic point of view, the A series of polymers are alternating 
poly(amide urethane)s composed of e-caprolactam and cyclic urethane building 
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blocks. The B series of polymers is composed of e-caprolactone and cyclic urea 
building blocks. 
A = (e-caprolactam-alt-cyclic urethane)n 
B = (e-caprolactone-alt-cyclic urea)n 
By making copolymers of the monomers 55b and 90b, to the head to tail linked units 
in A and B, are added head to head and tail to tail units in the following sense (e-
caprolactam-alt-cyclic urethane) (cyclic urea-e-caprolactone). In this section the 
influence of the concentration of the different diads on the thermal properties will be 
discussed. 
To perform the synthesis of copoly(amide urethane)s, first two monomers were 
synthesized from two different stating materials. a-Hydroxy-w-O-phenyl urethane 
55b was prepared from e-caprolactam, 3-amino-1-propanol and diphenyl carbonate 
(Scheme 3.1), and 90b from e-caprolactone, 1,3-diamino propane and diphenyl 
carbonate (Scheme 3.12). 
Both monomers have the same functionalities and composition but one contains the e-
caprolactam moiety and the other one the e-caprolactone moiety. Thus, these two 
monomers are isomers. Five copolymers were synthesized using different molar ratios 
of 55b and 90b (Scheme 3.17), and each purified copolymer reveals a regular 
microstructure comprising alternating amide and urethane linkages. The structure of 
every copolymer was characterized by means of 1H NMR analysis and reveals the 
ratios of the repeating units in the copolymer. These ratios are in agreement with the 
monomer ratios in the feed (Table 3.19). The actual molar ratio of the repeating units 
for each copolymer was calculated from the areas of resonance lines 1 and 4 at d = 
3.25 and 3.35 ppm, respectively. 
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Scheme 3.17: Synthesis of copoly(amide urethane)s 97-1 to 97-5 using different 
ratios of 55b and 90b; (i) 55b / 90b = 90/10-50/50, Bu2Sn(OCH3)2 (5 wt.-%) T = 
90 °C, t = 1-1.5 h at normal pressure, and t = 3-4 h at reduced pressure (p = 10-2 
mbar). 
 
The number average molecular weights of the copolymers were determined by means 
of GPC, and DMAc was used as an eluent. The obtained nM  values of the 
copolymers are similar ( nM  = 6400-6500) and the polydispersity index is in the 
range of 1.34 to 1.37. In addition, it should be mentioned that all GPC curves indicate 
a narrow molecular weight distribution, which can be attributed to the fractionation of 
the products during isolation.  
The microstructure of all copoly(amide urethane)s 97-1 to 97-5 was determined by 
means of 1H NMR spectroscopy followed by comparison with homopolymers of the 
respective monomers. 
The 1H NMR spectra of copoly(amide urethane) 97-5 (55b / 90b = 50/50) and 
poly(amide urethane)s 91b, and poly(amide urethane) 56b are shown in Figure 3.41a-
b and Figure 3.36d. The 1H NMR spectrum of homopolymer 91b (Figure 3.41a) 
shows distinct resonance lines at d = 4.25, 3.35 and 1.95 ppm assigned to OCH2 
(signal 1), CONHCH2 (signal 10) and CH2CH2 (signal 9), respectively. In 
copoly(amide urethane)s, upon increasing the concentration of 55b in the feed, the 
decrease in the area of resonance lines 6, 4 and 5 (d = 4.25, 3.35 and 1.95 ppm, 
respectively) (Figure 3.41b) originating from the repeating unit 90b, and the increase 
in the area of resonance lines 3, 1 and 2 (d = 4.35, 3.25 and 2.15 ppm, respectively) 
(Figure 3.41b) originating from the repeating unit 55b are clearly observed. 
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Figure 3.41: 1H NMR spectra of (a) poly(amide urethane) 91b (b) copoly(amide 
urethane) 97-5. 
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Table 3.19: Molar ratio of the repeating units, number average molecular weight and 
polydispersity of homo- and copolymers obtained on polycondensation at 90 °C using 
a different molar ratio of 55b and 90b. 
55b / 90b 
in mol/mol1 
55b / 90b 
repeating units 
in mol/mol2 
nM GPC nw  / MM  Yield in % 
100/00 100/00 7500 1.45 70 
90/10 88.54/11.46 6400 1.35 67 
80/20 77.85/22.15 6500 1.37 70 
70/30 67.03/32.97 6500 1.37 75 
60/40 58.19/41.81 6400 1.34 66 
50/50 52.00/48.00 6500 1.34 74 
00/100 00/100 6000 1.25 63 
1in the feed 
2calculated from 1H NMR spectra 
 
Thermal properties of copoly(amide urethane)s 97-1 to 97-5 
 
The thermal analysis of the copoly(amide urethane)s 97-1 to 97-5 as well as the 
poly(amide urethane)s 56b and 91b was performed by means of DSC. It shows that 
the homo and copoly(amide urethane)s are semicrystalline. Poly(amide urethane) 91b 
and some copoly(amide urethane)s show various endothermic peaks (Table 3.20), 
which is attributed to polymorphism. For example, poly(amide urethane) 91b shows 
three melting transitions (Tm = 118.8, 144.8, and 160.6 °C) upon first heating and two 
melting transitions (Tm = 149.9 and 161.3 °C) upon second heating indicating three 
and two different crystalline modifications, respectively. Thermal analysis shows that 
the rate of crystallization is low, that is why some copolymer samples do not 
crystallize during cooling, but upon second heating. 
Table 3.20 shows that the melting transition of the copolymers increases slightly with 
the concentration of 55b in the feed. Our attention was drawn to the fact that the 
polymers 56b, 91b, and copolymers 97-1 and 97-2 show melting transitions upon first 
as well as upon second heating, and a crystallization peak upon cooling, while 
copolymers 97-3, 97-4 and 97-5 do not show crystallization upon cooling, which 
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indicates that the tendency of the copolymers to crystallize decreases with increasing 
concentration of 90b in the feed. 
The thermal characteristics of the copolymers and homopolymers are summarized in 
Table 3.20. 
Table 3.20: Thermal characteristics of homo- and copoly(amide urethane)s analyzed 
by means of DSC. 
First heating Cooling Second heating Polymer 
Tm/°C DHm/J/g Tg/°C Tc/°C DHc/J/g Tm/°C DHm/J/g Tg/°C 
56b 152.0 53.30 -- 134.26 -36.40 151.5 52.48 -- 
97-1 156.1 58.49 -- 99.8 -47.62 157.2 37.39 -- 
97-2 147.9 44.37 -- 84.1 -30.86 116.8 
148.6 
16.29 
35.50 
-- 
97-3 105.7 
139.8 
4.87 
20.53 
-- -- -- 116.4 
141.6 
8.11 
10.47 
14.7 
97-4 68.6 
98.9 
122.8 
68.94 -- -- -- -- -- 8.5 
97-5 66.1 
99.2 
58.96 -- -- -- -- -- 5.8 
91b 118.8 
144.8 
160.6 
60.06 -- 81.0 -47.35 149.9 
161.3 
56.36 -- 
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Figure 3.42: DSC curves of poly(amide urethane) 91b and copoly(amide urethane)s 
97-1 to 97-5 (second heating: 10 K/min). 
 
Upon second heating (Figure 3.42), poly(amide urethane) 91b shows two endothermic 
peaks (Tm = 149.9 and 161.3 °C). Some copolymers with the composition of 55b / 
90b = 50/50 and 60/40 do not show melting transitions but glass transition 
temperatures at Tg = 5.8 and 8.5 °C, respectively. One copolymer sample with the 
composition of 55b / 90b = 70/30 shows a glass transition temperature (Tg = 14.7 °C) 
and two melting transitions, and crystallizes before melting at 98 °C. Some copolymer 
samples with the composition of 55b / 90b = 70/30 and 80/20 show two melting 
transitions. 
Consequently, it is conc luded that the thermal properties (melting transition as well as 
crystallinity) of the polymers can be controlled using different molar ratios of 55b and 
90b.   
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3.6 An unsuccessful attempt to prepare an a -N-vinylamino-w-alcohol from N-
vinyl e -caprolactam and 3-amino-1-propanol 
Recently, there has been some interest in vinyl containing reagents or compounds for 
coating materials due to their high reactivity. From the same point of view, the 
synthesis of a-N-vinylamino-w-alcohol 99 was proposed using N-vinyl e-caprolactam 
98 and amino alcohols (Scheme 3.18). 
. 
 
N H2N
N
H
H
N
O
98
53b
99
CH2 OH
OH
(i)
O
+
 
Scheme 3.18: Proposed scheme for the synthesis of a a-N-vinylamino-w-alcohol; (i) 
98 / 53b = 1/5, T = 195-200 °C, t = 6.5 h. 
 
It was speculated that the 3-amino-1-propanol would induce the ring opening of N-
vinyl e-caprolactam to form a-N-vinylamino-w-alcohol 99 in the same way as the 
ring opening of substituted e-caprolactam occurs with amino alcohols. 
For this purpose, N-vinyl e-caprolactam was reacted with 5 equivalents of 3-amino-1-
propanol by heating the mixture to 195-200 °C.  
1H NMR analysis of the crude product does not show the presence of the proposed a-
N-vinylamino-w-alcohol, but a mixture of unreacted N-vinyl e-caprolactam 98 with 
some undesired products (Figure 3.43). 
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Figure 3.43: 1H NMR spectrum of the crude product of the reaction of N-vinyl e-
caprolactam with 3-amino-1-propanol. 
 
In the 1H NMR spectrum of the crude product (Figure 3.43), two small distinct 
resonance lines were observed at d = 1.15 ppm (doublet) and 5.70 ppm (quartet) with 
a ratio of 1:3, indicating the formation of acetal like structures which might belong to 
100 or 101. Two distinct resonance lines at d = 7.50 and 7.90 ppm confirm the 
formation of e-caprolactam 52 and a-hydroxy-w-amino amide 54b, respectively, 
because these signals are characteristic of amide linkages. 
After analysing the 1H NMR spectrum of the crude product, the unexpected products 
might be formed according to Scheme 3.19 and 3.20. 
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Scheme 3.19: Reaction of N-vinyl e-caprolactam with 3-amino-1-propanol. 
 
To explain the formation of the unexpected products 100, 101, 52, and 54b instead of 
the desired product 99, the following mechanism is proposed (Scheme 3.20). 
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Scheme 3.20: Proposed mechanism of the reaction of N-vinyl e-caprolactam with 3-
amino-1-propanol.  
 
From the proposed mechanism it is clear that N-vinyl e-caprolactam has two 
nucleophilic centres, i.e. a and b, and it is expected that a nucleophile (-OH of 3-
amino-1-propanol) attacks at position b leading to the formation of the intermediate 
compound 100 via transfer of a proton from -OH to the vinyl group. With the excess 
of 3-amino-1-propanol, the intermediate compound is converted partially (up to 70-
80%) to e-caprolactam 52 via removal of the vinyl group and formation of acetal 101. 
The formed e-caprolactam now reacts with 3-amino-1-propanol 53b to form a-
hydroxy-w-amino amide 54b.  
It is believed that acetal 101 is formed during the reaction because the formation of e-
caprolactam is only possible via acetal 101. However, the presence of acetal 101 
cannot be observed in the 1H NMR spectrum of the crude product, because the crude 
product is obtained after removal of volatiles (possibly 3-amino-1-propanol and acetal 
101) in vacuum. Therefore, the 1H NMR spectrum of the crude product shows the 
presence of intermediate compound 100, e-caprolactam 52 and a-hydroxy-w-amino 
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amide 54b. The formation of intermediate compound 100 will be later proved via a 
model reaction (Scheme 3.21).   
For purification, the crude product was treated with diethyl ether, and it was observed 
that some part of the product precipitated. This part of the crude product was 
separated from the soluble part. 
13C NMR spectroscopy (Figure 3.44) was used to analyse the precipitated fraction, 
which confirms the formation of a-hydroxy-w-amino amide 54b. Some characteristic 
resonance lines at d =172, 59, and 42 ppm belonging to CONH (signal 7), CH2OH 
(signal 11) and CH2NH2 (signal 2), respectively, confirm the formation of a-
hydroxy-w-amino amide 54b, and resonance lines at d = 60, 39, and 36 ppm indicate 
the presence of 3-amino-1-propanol as an impurity.  
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Figure 3.44: 13C NMR spectrum of the ether insoluble fraction of the product 
obtained from N-vinyl e-caprolactam and 3-amino-1-propanol. 
 
1H NMR analysis (Figure 3.45) of the soluble part shows a mixture of unreacted N-
vinyl e-caprolactam, e-caprolactam, and the intermediate compound 100.  
The distinct resonance lines at d = 7.35 (multiplet), 4.50 (doublet, trans conformer), 
and 4.35 ppm (doublet, cis conformer) are attributed to unreacted N-vinyl e-
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caprolactam, and again two small resonance lines at d = 1.15 ppm (doublet) and 5.70 
ppm (quartet) indicate the presence of the intermediate compound 100. 
The presence of e-caprolactam is confirmed by a distinct resonance line at d = 7.50 
ppm, which is a characteristic of the amide linkage of e-caprolactam, and by other 
resonance lines at d = 1.70, 2.30, 3.10 and 3.60 ppm upfield. 
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Figure 3.45: 1H spectrum of the ether soluble fraction of the product obtained from 
N-vinyl e-caprolactam and 3-amino-1-propanol. 
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3.6.1 A model reaction 
Up to this point, we were successful to prove the presence of e-caprolactam 52 and a-
hydroxy-w-amino amide 54b by means of NMR spectroscopy, but we were not 
successful to obtain from the 1H or 13C NMR spectrum a clear evidence of the 
intermediate compound 100. Of course, there are only two resonance lines (d = 1.15 
and 5.70 ppm) indicating the acetal like structure.   
Therefore, a model reaction was performed (Scheme 3.21) using N-vinyl e-
caprolactam 98 and ethylene glycol 102 under the same conditions as applied before 
in Scheme 3.18. 
 
 
N
O
+ HO
OH
N O
O H2
C
CH2
OH
H3C98
102
103
(i)
 
Scheme 3.21: A model reaction; (i) 98 / 102 = 1/5, T = 195-200 °C, t = 5.5 h. 
 
In the 1H NMR spectrum of the product (Figure 3.46), two distinct resonance lines at 
d = 1.12 ppm (doublet) and 5.73 ppm (quartet) like in the 1H NMR spectra of the 
crude product (Figure 3.43) and the soluble product in diethyl ether (Figure 3.45), 
confirm the formation of product 100. No NH (amide linkage) resonance line for e-
caprolactam was observed at d = 7.40 ppm, which proves the formation of product 
103. 
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Figure 3.46: 1H NMR spectrum of the product 103. 
 
The 13C NMR spectrum of the product (Figure 3.47) shows all resonance lines to be 
expected for product 103. Resonance lines at d = 176.5, 79.5, 69.0 and 60.0 ppm are 
assigned to NCO (signal 1), CHO (signal 7), CH2O (signal 8), and CH2OH (signal 
9), respectively, and confirm the formation of product 103. 
All above, evidence for product 103 proves the formation of the intermediate 
compound 100. 
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Figure 3.47: 13C NMR spectrum of the product 103. 
 
Finally, it is concluded that the synthesis of a-N-vinylamino-w-alcohol cannot be 
achieved using N-vinyl e-caprolactam with amino alcohols. This is explained by the 
two nucleophilic centres of N-vinyl e-caprolactam, i.e., a and b (Scheme 3.20), where 
b is more nucleophilic than a. Therefore, a nucleophile attacks at position b not at a, 
and acetals (100 and 101), e-caprolactam and a-hydroxy-w-amino amides are formed.   
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4 Experimental part 
4.1 Measurements 
1H NMR and 13C NMR spectra were recorded with a Bruker DPX-300 FT-NMR 
spectrometer at 300 and 75 MHz, respectively. Deuterated chloroform (CDCl3), 
trifluoroacetic acid (TFA-d), formic acid (DCOOD) and dimethylsulfoxide (DMSO-
d6) were used as solvents, and tetramethylsilane (TMS) served as an internal standard. 
Gel permeation chromatography (GPC) analyses were carried out using a high 
pressure liquid chromatography pump (Bischoff HPLC pump 2200) and a refractive 
index detector (Waters 410). The eluting solvent was N,N-dimethylacetamide 
(DMAc) with 2.44 g . L-1 LiC l with a flow rate of 0.8 mL . min-1. Four columns with 
MZ-DVB gel were applied: length of each column 300 mm, diameter 8mm, diameter 
of gel particles 5 mm, nominal pore widths 100, 100, 103, and 104 Å. Calibration with 
polystyrene standards was used for the estimation of molecular weight and 
polydispersity. 
Thermo gravimetric analyses (TGA) were performed on a TG 209 with a TA-System-
Controller TASC 414/2 from Netzsch. The measurements were performed under 
nitrogen with a heating rate of 10 K . min-1. 
Differential scanning calorimetric (DSC) analyses were performed with a Netzsch 
DSC 204 in a nitrogen atmosphere with a heating rate of 10 K . min-1. Calibration was 
achieved using indium standard samples.  
4.2 Materials 
e-Caprolactam (BASF), e-caprolactone (Acros Organics), N-vinyl e-caprolactam 
(DSM), 2-amino-1-ethanol (Aldrich), 3-amino-1-propanol (Aldrich), 4-amino-1-
butanol (Acros Organics), 5-amino-1-pentanol (Fluka), 6-amino-1-hexanol (Fluka), 
1,3-diamino propane (BASF), 1,4-diamino butane (BASF), 1,2-ethylene glycol 
(Aldrich), diphenyl carbonate (Fluka), ethylene carbonate (Acros Organics), dimethyl 
carbonate (Aldrich), 1,6-diamino hexane (Fluka), tris(2-aminoethyl)amine (Aldrich), 
phenol (Aldrich), DMPU (Merck), dibutyldimethoxytin (Aldrich), lanthanum 
acetylacetonate hydrate (Aldrich), Tin(II) 2-ethylhexanoate or Sn(octoate)2 (Aldrich), 
Dibutyltin oxide (Aldrich), Titanium(IV) n-butoxide (Acros Organics), formic acid 
and diethyl ether were used as received. 1-Amino-2-propanol (Aldrich), 
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dichloromethane, methanol, ethanol, and N,N-dimethylacetamide were distilled before 
use. 
Polymerizations were carried out in an inert gas atmosphere. Nitrogen (Linde) was 
passed over molecular sieves (4 Å) and finely distributed potassium on aluminium 
oxide.  
4.3 Monomer syntheses 
4.3.1 a-Hydroxy-w-amino amide  54a 
e-Caprolactam (15 g, 0.13 mol), 2-amino-1-ethanol (40.77 g, 0.668 mol), and H2O (18 
mL) were mixed in an autoclave and heated for 24 h to 200 °C in inert gas 
atmosphere. Then, excess of 2-amino-1-ethanol was removed in vacuum at 60-80 °C, 
the residue was dissolved in ethanol (75 mL) followed by precipitation into diethyl 
ether. The product was isolated by filtration, and dried at 50 °C in vacuum. 
All a-hydroxy-w-amino amides 54a-f were prepared using the same procedure. The 
characteristics of a-hydroxy-w-amino amides 54a-f are given in Table 4.1. 
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Table 4.1: Synthesis and characteristics of a-hydroxy-w-amino amides 54a-f. 
Characteristic 1H and 13C chemical shifts in DMSO-d6: (d in ppm)  No. 
 
Yield 
in % 
m.p. 
in °C CH2-NH2   CH2-CO   CH2-CO   CH2-NH   CH2-NH   CH2-OH   
54a 
 
74 72-75  2.50a) 
41.46a) 
3.30b) 
43.04b) 
2.05a) 
35.33a) 
2.68b) 
36.34b) 
-- 
172.21a) 
-- 
181.92b) 
3.08a) 
41.34a) 
3.91b) 
41.74b) 
7.82a) 
-- 
nb) 
-- 
3.38a) 
59.84a) 
4.65b) 
67.48b) 
54b 
 
81 78-80 2.48a) 
41.90a) 
3.29b) 
42.94b) 
2.03a) 
35.82a) 
2.75b) 
35.78b) 
-- 
172.51a) 
-- 
181.61b) 
3.06a) 
35.93a) 
3.72b) 
40.91b) 
7.79a) 
-- 
nb) 
-- 
3.38a) 
58.70a) 
4.56b) 
67.79b) 
54c 77 55-60 
 
2.50a) 
41.83a) 
2.03a) 
35.85a) 
-- 
172.28a) 
3.00a) 
38.65a) 
7.78a) 
-- 
3.37a) 
60.76a) 
54d 
 
83 77-82 2.50a) 
41.84a) 
2.03a) 
35.84a) 
-- 
172.30a) 
3.00a) 
38.77a) 
7.78a) 
-- 
3.37a) 
60.96a) 
54e 
 
81 77-80 2.50a) 
41.78a) 
2.03a) 
35.82a) 
-- 
172.31a) 
3.00a) 
38.70a) 
7.79a) 
-- 
3.37a) 
60.99a) 
54f 
 
80 --v--  2.51a) 
41.34a) 
2.04a) 
35.32a) 
-- 
172.23a) 
2.97a) 
46.30a) 
7.81a) 
-- 
3.62*a) 
65.17*a) 
a) in DMSO-d6 as solvent; b) in CF3COOD as solvent, n = not observed 
* = CH2-CH(CH3)-OH, v = viscous at room temperature 
 
4.3.2 a-Hydroxy-w-O-phenyl urethane 55a 
a-Hydroxy-w-amino amide 54a (5.47 g, 0.031 mol) was reacted with diphenyl 
carbonate (8.42 g, 0.039 mol) in methylene chloride (104 mL) at room temperature 
for 26 h. For purification, 60-70% of the methylene chloride was evaporated followed 
by precipitation into diethyl ether. The purified product was isolated by filtration, and 
dried at 50 °C in vacuum. 
All a-hydroxy-w-O-phenyl urethanes 55a-f were prepared employing the same 
procedure. The characteristics of a-hydroxy-w-O-phenyl urethanes 55a-f are given in 
Table 4.2. 
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Table 4.2: Synthesis and characteristics of a-hydroxy-w-O-phenyl urethanes 55a-f. 
Characteristic 1H and 13C chemical shifts in DMSO-d6: (d in ppm)  No. 
 
Yield 
in % 
m.p. 
in °C CH2-NH-
CO-OPh   
CH2-CO   CH2-CO   CH2-NH   CH2-NH   CH2-OH   
55a 
 
82 --v-- 3.05a) 
40.35a) 
3.43b) 
41.97b) 
2.08a) 
35.23a) 
2.70b) 
35.75b) 
-- 
172.17a) 
-- 
182.55b) 
3.12a) 
41.35a) 
3.88b) 
43.04b) 
7.80a) 
-- 
nb) 
-- 
3.39a) 
59.93a) 
4.63b) 
67.13b) 
55b 
 
80 --v-- 3.05a) 
40.72a) 
3.40b) 
40.94b) 
2.07a) 
35.71a) 
2.71b) 
35.58b) 
-- 
172.50a) 
-- 
181.85b) 
3.11a) 
35.97a) 
3.67b) 
35.58b) 
7.76a) 
-- 
nb) 
-- 
3.41a) 
58.78a) 
4.50b) 
67.47b) 
55c 
 
85 67-69 3.05a) 
40.78a) 
2.03a) 
35.74a) 
-- 
172.20a) 
3.05a) 
38.68a) 
7.74a) 
-- 
3.38a) 
60.80a) 
55d 
 
81 58-60 3.03a) 
40.76a) 
2.06a) 
35.72a) 
-- 
172.21a) 
3.04a) 
38.80a) 
7.74a) 
-- 
3.38a) 
61.01a) 
55e 
 
76 73-75 3.02a) 
40.67a) 
2.05a) 
35.70a) 
-- 
172.16a) 
3.03a) 
38.73a) 
7.73a) 
-- 
3.37a) 
61.01a) 
55f 82 --v-- 3.00a) 
40.65a) 
2.10a) 
35.62a) 
-- 
172.62a) 
3.03a) 
46.70a) 
7.75a) 
-- 
3.62*a) 
65.66*a) 
a) in DMSO-d6 as solvent; b) in CF3COOD as solvent, n = not observed,  
* = CH2-CH(CH3)-OH, v = viscous at room temperature  
 
4.3.3 a-Hydroxy-w-O-hydroxyethyl urethane 82b 
Method A: a-Hydroxy-w-amino amide 54b (10.05 g, 53.48 mmol) and ethylene 
carbonate (5.66 g, 64.3 mmol) were dissolved in water (6 mL), and the solution was 
stirred at room temperature for 65 h. Volatiles were removed in high vacuum at 70-
80 °C.  
The same procedure was used for the preparation of a-hydroxy-w-O-hydroxyethyl 
urethanes 82a, c, d, e.  
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Method B: a-Hydroxy-w-amino amide 54f (20.823 g, 110.76 mmol) and ethylene 
carbonate (48.788 g, 554.41 mmol) were stirred at 60 °C for 24 h. Volatiles were 
removed in high vacuum at 70-80 °C. 
Reaction conditions, yields and characteristic resonance lines of the a-hydroxy-w-O-
hydroxyethyl urethanes 82a-f adjacent to the functional groups are summarized in 
Table 4.3. 
Table 4.3: Synthesis and characteristics of a-hydroxy-w-O-hydroxyethyl urethanes  
82a-f. 
N
H
H
N (CH2)x
O
O
O
HO
*
OH
x = 0 - 4  
Characteristic 1H and 13C chemical shift in DMSO-d6: 
(d in ppm)  
No. t/h Yield 
in % 
HO-CH2
*- -CH2-O- -O-CO-NH-
CH2- 
-CO-NH-
CH2- 
-CH2OH 
82a 57 87 3.52 
59.91 
3.94 
65.36 
2.95 
40.06 
3.10 
41.37 
3.38 
59.44 
82b 69 85 3.53 
59.84 
3.94 
65.75 
2.95 
40.46 
3.09 
35.95 
3.39 
58.76 
82c 48 88 3.52 
60.40 
3.93 
65.36 
2.95 
40.07 
3.01 
38.26 
3.38 
59.44 
82d 57 86 3.52 
60.60 
3.93 
65.36 
2.94 
40.07 
3.01 
38.38 
3.37 
59.44 
82e 44 91 3.52 
60.62 
3.93 
65.36 
2.94 
40.13 
2.99 
38.32 
3.37 
59.44 
82f 24 95 3.52 
59.45 
3.93 
65.36 
2.93 
40.22 
2.97 
46.28 
3.62a) 
65.24a) 
a)CH(CH3)-OH 
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4.3.4 a-Hydroxy-w-O-amino amide  89b 
e-Caprolactone (10g, 0.0877 mol) and 1,3-diamino propane 88b (32.54g, 0.4397 mol) 
were dissolved in 10 mL and 35 mL THF, respectively. The solution of e-
caprolactone was added drop-wise to the solution of 1,3-diamino propane, and the 
mixture was stirred for 20 h at room temperature. THF and 1,3-diamino propane were 
removed by distillation using roto-evaporator and high vacuum (10-2 mbar) at 50 °C, 
respectively. 
The same procedure was followed to synthesize 89c. The synthetic details and NMR 
data of a-hydroxy-w-O-amino amides 89b-c are given in Table 4.4. 
Table 4.4: Yield and characteristics of a-hydroxy-w-O-amino amides 89b-c. 
Characteristics of 1H and 13C chemical shifts in DMSO-d6: (d-in 
ppm) 
No. t/h Yield 
in % 
CH2OH CH2-CO CH2-CO CH2-NH CH2-NH CH2NH2 
89b 20 93.25 3.37 
60.52 
2.03 
35.47 
-- 
172.45 
3.06 
35.96 
7.78 
-- 
2.50 
39.00 
89c 24 90.25 3.36 
60.51 
2.03 
35.44 
-- 
172.25 
2.97 
38.25 
7.79 
-- 
2.50 
41.26 
 
4.3.5 a-Hydroxy-w-O-phenyl urethane 90b 
a-Hydroxy-w-O-amino amide 89b (10g, 49.50 mmol) and diphenyl carbonate 
(13.2425 g, 61.88 mmol) were reacted in the mixture of CH2Cl2 (170 mL) and 
CH3OH (20 mL) at room temperature for 24 h. 60-65% Solvent was evaporated 
followed by precipitation of the rest of solution into diethyl ether. Product was 
isolated by filtration of solvents, and dried at 50 °C under reduced pressure. 
The same procedure was adopted to synthesize 90c. The synthetic details and NMR 
data of a-hydroxy-w-O-phenyl urethanes 90b-c are given in Table 4.5. 
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Table 4.5: Yield and characteristics of a-hydroxy-w-O-phenyl urethanes 90b-c 
Characteristics of 1H and 13C chemical shifts in DMSO-d6: (d-in 
ppm) 
No. t/h Yield 
in % 
CH2OH CH2-CO CH2-CO CH2-NH CH2-NH CH2NHCO-
OPh 
90b 24 83.5 3.39 
60.98 
2.06 
35.88 
-- 
172.55 
3.08 
36.46 
7.81 
-- 
3.06 
38.66 
90c 36 87.27 3.37 
60.98 
2.04 
35.88 
-- 
172.36 
3.04 
38.44 
7.76 
-- 
3.04 
40.53 
 
4.4 Polymer syntheses  
4.4.1 Polycondensation of a -hydroxy-w-O-phenyl urethane 55b  
a-Hydroxy-w-O-phenyl urethane 55b (1.00 g, 6.46 mmol) and Bu2Sn(OCH3)2 (5 
wt.-%) were heated to 90 °C or 120 °C under inert gas atmosphere. The 
polycondensation was performed for 1 h at normal pressure and 2-3 h at reduced 
pressure (10-2 mbar). Phenol was removed by distillation. The poly(amide urethane) 
56b was purified by dissolution in formic acid and precipitation into diethyl ether. 
The product was isolated by filtration and dried at 50 °C in vacuum. 
The synthesis of all poly(amide urethane)s 56a-f was performed using the same 
procedure. The yield and NMR data of poly(amide urethane)s 56a-f are given in 
Table 4.6. 
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Table 4.6: Yield and NMR data of the alternating poly(amide urethane)s 56a-f. 
Characteristic 1H and 13C chemical shifts in DMSO-d6: (d in ppm)  No. Yield 
in % CH2-NH-
CO 
CH2-NH-
CO 
CH2-CO   CH2-CO   CH2-NH   CH2-NH   CH2-O   
 
56a 
 
93 -- 
156.86a) 
-- 
161.14b) 
2.94a) 
38.29a) 
3.34b) 
42.91b) 
2.04a) 
36.02a) 
2.76b) 
35.99b) 
-- 
173.11a) 
-- 
182.32b) 
3.23a) 
38.93a) 
3.90b) 
43.60b) 
7.89a) 
-- 
nb) 
3.90a) 
62.93a) 
4.47b) 
65.27b) 
56b 
 
79 -- 
157.01a) 
-- 
161.65b) 
2.94a) 
40.78a) 
3.30b) 
42.77b) 
2.02a) 
36.11a) 
2.78b) 
35.65b) 
-- 
172.83a) 
-- 
181.97b) 
3.09a) 
36.17a) 
3.71b) 
41.00b) 
7.80a) 
-- 
nb) 
-- 
3.91a) 
62.31a) 
4.33b) 
65.01b) 
56c 
 
81 -- 
162.01b) 
3.33b) 
44.27b) 
2.78b) 
35.57b) 
-- 
181.62b) 
3.65b) 
42.74b) 
nb) 
-- 
4.29b) 
68.09b) 
56d 
 
79 -- 
162.27b) 
3.32b) 
44.68b) 
2.79b) 
35.45b) 
-- 
181.34b) 
3.62b) 
42.71b) 
nb) 
-- 
4.27b) 
68.86b) 
56e 
 
84 -- 
162.49b) 
3.32b) 
44.91b) 
2.79b) 
35.44b) 
-- 
181.26b) 
3.61b) 
42.74b) 
nb) 
-- 
4.27b) 
69.44b) 
56f 81 -- 
155.67a) 
-- 
160.85b) 
2.94a) 
39.98a) 
3.29b) 
42.78b) 
2.06a) 
35.19a) 
2.74b) 
35.82b) 
-- 
172.20a) 
-- 
182.10b) 
3.13a) 
43.05a) 
3.75 b) 
48.53b) 
7.84a) 
-- 
nb) 
-- 
4.65*a) 
68.72*a) 
5.18*b) 
73.15*b) 
a)in DMSO-d6 as solvent; b) in CF3COOD as solvent, n = not observed 
*CH2-CH(CH3)-OH 
 
4.4.2 Polycondensation of a -hydroxy-w-amino amide  54b with diphenyl 
carbonate in bulk 
a-Hydroxy-w-amino amide 54b (5.04 g, 26.8 mmol) and diphenyl carbonate (5.737 g, 
26.8 mmol) were heated to 100 °C for 1 h and subsequently Bu2Sn(OCH3)2 (5 wt.-%) 
was added. The polycondensation was performed at 100 °C for 1 h at normal pressure 
and 4 h at reduced pressure. During this time phenol was removed by distillation from 
the reaction vessel. The crude product was purified by dissolution in HCOOH and 
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precipitation into diethyl ether. The pur ified product was isolated by filtration and 
dried at 50 °C under reduced pressure. Yield: 83%, nM  = 10000 and nw  / MM  = 
1.48. 
The same procedure was adopted with 54a. Yield: 97%, nM  = 11000, and nw  / MM  
= 1.89. 
4.4.3 Polycondensation of a -hydroxy-w-O-hydroxyethyl urethane 82b  
a-Hydroxy-w-O-hydroxyethyl urethane 82b (2.00 g, 7.25 mmol) was heated with 
Bu2Sn(OCH3)2 (5wt.-%) to 150 °C in inert gas atmosphere. The polycondensation 
was performed for 1 h at normal pressure and 5 h at reduced pressure (10-2 mbar), and 
the condensate was removed from the reaction vessel by distillation. For purification 
of poly(amide urethane) 83b, the crude product was dissolved in HCOOH, 
precipitated into diethyl ether, filtered and dried at 50 °C and reduced pressure. 
The procedure described for the preparation of polymer 83b was used for all 
poly(amide urethane)s 83a-f. The synthetic details and NMR data of poly(amide 
urethane)s 83a-f are given in Table 4.7. 
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Table 4.7: The synthetic details and characteristics of poly(amide urethane)s 83a-f 
obtained via polycondensation of 82a-f in bulk at 150 °C. 
Characteristic 1H and 13C chemical shifts in 
DMSO-d6: (d in ppm) 
No. t/h nM  D Yield 
in % 
-CH2-NH-
CO- 
-CO-NH-
CH2- 
-NH-CH2- -CH2-O- 
83a 1n+3r 7124 1.51 85 -- 
156.04 
2.95 
37.47 
3.23 
38.11 
3.92 
62.10 
83b 1n+5r 10910 1.60 85 -- 
156.60 
2.92 
40.41 
3.06 
35.73 
3.91 
61.89 
83c 1n+3r 7557 1.74 97 -- 
156.77 
2.93 
40.77 
3.02 
38.71 
3.90 
63.90 
83d 1n+3r 9488 1.52 84 -- 
156.27 
2.94 
40.09 
3.00 
38.23 
3.89 
63.40 
83e 1n+3r 7545 1.78 85 -- 
156.28 
2.93 
40.07 
3.00 
38.23 
3.90 
63.41 
83f 2n+6r 8182 1.57 83 -- 
155.72 
2.94 
40.03 
3.13 
43.10 
4.66a) 
68.54a) 
nat normal pressure (1 bar), rat reduced pressure (10-2 mbar), nM  and D = 
nw  / MM were determined by GPC in DMAc using polystyrene standards, 
a)CH(CH3)-OH 
 
4.4.4 Polycondensation of a -hydroxy-w-O-phenyl urethane 90b 
a-Hydroxy-w-O-phenyl urethane 90b (1.09 g, 3.538 mmol) was reacted with 
Bu2Sn(OCH3)2 (5 wt-%) at 90 °C. The polycondensation was performed for 1 h at 
normal pressure and 4 h at reduced pressure. For purification, the crude product was 
dissolved in 5 mL HCOOH followed by precipitation into diethyl ether. The 
poly(amide urethane) 91b was isolated by decantation of solvents, and dried at 50 °C 
under reduced pressure. 
The same procedure was adopted to synthesize poly(amide urethane) 91c. The yield 
and NMR data of poly(amide urethane)s 91b-c are given in Table 4.8. 
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Table 4.8: Yield and characteristics of poly(amide urethane)s 91b-c. 
Characteristics of 1H and 13C chemical shifts in DMSO-d6: (d-in ppm) No. Yield 
in % CH2-O- CH2-CO CH2-CO CH2-NH CH2-NH CH2NH 
CO 
CH2NH 
CO 
91b 63.33 3.90 
63.88 
2.08 
35.67 
-- 
172.33 
3.03 
36.45 
7.76 
-- 
2.96 
38.32 
-- 
156.66 
91c 62.06 3.93 
63.89 
2.06 
35.77 
-- 
172.33 
3.03 
38.58 
7.55 
-- 
3.03 
40.39 
-- 
156.77 
 
4.5 Synthesis of copoly(amide urethane)s  
i) a-Hydroxy-w-O-phenyl urethane 55a (1.300 g, 4.4217 mmol) and a-hydroxy-w-O-
phenyl urethane 55b (0.151311 g, 0.491 mmol) were reacted at 90 °C in the presence 
of 5 wt-% Bu2Sn(OCH3)2. The polycondensation reaction was carried out for 1 h 10 
min at normal pressure and 2 h at reduced pressure. The crude product was dissolved 
in formic acid and precipitation into diethyl ether. The purified product was obtained 
by decantation of solvents, and dried at 50 °C and reduced pressure.  
The following copolymers were synthesized according to above described procedure 
by using the different molar ratio of 55a and 55b. 
(a) 95-1  55a / 55b = 9 : 1  
(b) 95-2  55a / 55b = 8 : 2 
(c) 95-3  55a / 55b = 7 : 3 
(d) 95-4  55a / 55b = 6 : 4 
(e) 95-5  55a / 55b = 5 : 5 
(f) 95-6  55a / 55b = 4 : 6 
(g) 95-7  55a / 55b = 3 : 7 
(h) 95-8  55a / 55b = 2 : 8 
(i) 95-9  55a / 55b = 1 : 9 
 
ii) a-Hydroxy-w-O-phenyl urethane 55b (1.80 g, 5.9 mmol) and a-hydroxy-w-O-
phenyl urethane 55f (0.20 g, 0.65 mmol) were reacted in bulk at 90 °C with 5 wt-% 
Bu2Sn(OCH3)2. The polycondensation was performed for 1 h 35 min at normal 
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pressure and 2 h 40 min at reduced pressure. The crude product was dissolved in 
formic acid followed by precipitation into diethyl ether. The product was obtained by 
decantation of solvents, and dried at 50 °C and reduced pressure.  
The following copolymers were synthesized according to above described procedure 
by using the different molar ratio of 55b and 55f. 
(a) 96-1  55b / 55f = 9 : 1  
(b) 96-2  55b / 55f = 8 : 2 
(c) 96-3  55b / 55f = 7 : 3 
(d) 96-4  55b / 55f = 6 : 4 
(e) 96-5  55b / 55f = 5 : 5 
(f) 96-6  55b / 55f = 4 : 6 
(g) 96-7  55b / 55f = 3 : 7 
(h) 96-8  55b / 55f = 2 : 8 
(i) 96-9  55b / 55f = 1 : 9 
 
iii) a-Hydroxy-w-O-phenyl urethane 55b (from e-caprolactam and 3-amino-1-
propanol) (1.80 g, 5.9 mmol) and 90b (from e-caprolactone and 1,3-diamino propane) 
(0.20 g, 0.65 mmol) were reacted with Bu2Sn(OCH3)2 (5 wt-%) at 90 °C. The 
polycondensation was performed for 1.5 h at normal pressure and 3 h at reduced 
pressure. For purification, the crude product was dissolved in formic acid followed by 
precipitation into diethyl ether. The product was purified by decantation of solvents, 
and dried at 50 °C and reduced pressure. 
Five copolymers were synthesized according to above described procedure by using 
different molar ratio of 55b and 90b. 
(a) 97-1  55b / 90b = 90 : 10 
(b) 97-2  55b / 90b = 80 : 20 
(c) 97-3  55b / 90b = 70 : 30 
(d) 97-4  55b / 90b = 60 : 40 
(e) 97-5  55b / 90b = 50 : 50  
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4.6 General synthesis 
4.6.1 O-Phenyl urethane hexane  
Hexyl amine (1.06 g, 10.55 mmol) and diphenyl carbonate (2.82 g, 13.20 mmol) were 
reacted in 20 mL CH2Cl2 solvent. The solution was stirred for 24 h at room 
temperature. For purification, the resulting solution was washed with 5% NaOH 
solution. The organic phase was separated and CH2Cl2 was removed by distillation in 
vacuum (15 mbar). Yield: 88.23% 
 
H3C NH
O
O
1
2
3
4
5
6
7
8 9
10
11
12
10
11
 
 
1H NMR (DMSO-d6): d = 0.87 (tr, 3H, H-1), 1.32 (m, 6H, H-2, H-3, H-4), 1.46 (m, 
2H, H-5), 3.06 (dt, 2H, H-6), 7.13 (d, 2H, H-10), 7.18 (tr, 1H, H-12), 7.36 (tr, 2H, H-
11), 7.72 (tr, 1H, H-7) ppm. 
13 C NMR (DMSO-d6): d = 14.26 (C-1), 22.43 (C-2), 26.30 (C-3), 29.56 (C-4), 31.33 
(C-5), 40.71 (C-6), 122.09 (C-10), 125.13 (C-12), 129.54 (C-11), 151.52 (C-9), 
154.68 (C-8) ppm. 
4.6.2 Hexamethylene bis(O-phenyl urethane) 
1,6-Diamino hexane (3.61 g, 31.15 mmol) and diphenyl carbonate (20 g, 93.45 mmol) 
were dissolved in CH2Cl2 (50 mL and 150 mL, respectively). The solution of 1,6-
diamino hexane was added dropwise at room temperature to the solution of diphenyl 
carbonate and stirred for 3.5 h. CH2Cl2 was evaporated and the residue was 
crystallized from hexane (50 mL) and ethyl acetate (150 mL). Yield: 95%, m.p. 132-
133 °C. 
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O
H
N
O
1
2
3
4
5
6
7
8
9
2
7
8
 
1H NMR (DMSO-d6): d = 1.33 (m, 4H, H-4), 1.49 (m, 4H, H-3), 3.06 (dt, 3.06, 4H, 
H-2), 7.11 (d, 4H, H-7), 7.19 (tr, 2H, H-9, 3J = 7.2 Hz), 7.37 (tr, 4H, H-8, 3J = 7.8 
Hz), 7.75 (tr, 2H, H-1, 3J = 5.4 Hz) ppm. 
13 C NMR (DMSO-d6): d = 26.31 (C-4), 29.54 (C-3), 40.74 (C-2), 122.12 (C-7), 
125.17 (C-9), 129.56 (C-8), 151.49 (C-6), 154.69 (C-5) ppm.  
4.6.3 Tris(2-phenoxycarbonylamino-ethyl)-amine hydrochloride  
Tris(2-aminoethyl)amine (1.0 g, 6.84 mmol) and diphenyl carbonate (7.33 g, 34.2 
mmol) were dissolved in CH2Cl2 (40 mL and 60 mL, respectively). The solution of 
tris(2-aminoethyl)amine was added dropwise to the solution of diphenyl carbonate, 
and the mixture was stirred for 28 h at room temperature. The resulting solution was 
washed with 5% HCl solution. The organic phase was separated and all volatiles were 
removed by distillation in high vacuum (10-2 mbar) at 70-80 °C. For purification, the 
crude product was dissolved in CH2Cl2 (20 mL) followed by precipitation into 
hexane. Yield: 88.15% 
 
  
O
H
N
O
NH  Cl
3
1
2
3
4
5
6
7
8 6
7  
1H NMR (DMSO-d6): d = 3.44 (m, 6H, H-3), 3.57 (m, 6H, H-2), 7.15 (d, 6H, H-6), 
7.20 (tr, 3H, H-8, 3J = 7.2 Hz), 7.36 (tr, 6H, H-7, 3J = 7.8 Hz), 8.11 (s, 3H, H-1) ppm. 
 13 C NMR (DMSO-d6): d = 31.05 (C-3), 51.78 (C-2), 122.18 (C-6), 125.52 (C-8), 
129.60 (C-7), 151.21 (C-5), 154.88 (C-4) ppm. 
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4.6.4 a-O-Methyl carbonate-w-O-methyl urethane 
a-Hydroxy-w-amino amide 54b (1.17 g, 6.2 mmol) and dimethyl carbonate (7.01 g, 
77.8 mmol) were refluxed at 95 °C for 15 h. For purification, the resulting solution 
was precipitated into diethyl ether, filtrated, and dried at 50 °C and reduced pressure. 
 
H3CO NH
H
N O OCH3
O
O O
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
 
1H NMR (DMSO-d6): d =1.21 (m, 2H, H-6), 1.34-1.48 (m, 4H, H-5, H-7), 1.70 (m, 
2H, H-12), 2.03 (tr, 2H, H-8), 2.94 (dt, 2H, H-4), 3.08 (dt, 2H, H-11), 3.49 (s, 3H, H-
1), 3.68 (s, 3H, H-15), 4.06 (tr, 2H, H-13), 7.11 (tr, 1H, H-3), 7.94 (tr, 1H, H-10). 
13C NMR (DMSO-d6): d = 25.34 (C-7), 26.24 (C-6), 28.74 (C-5), 29.56 (C-12), 35.32 
(C-8), 35.65 (C-11), 40.45 (C-4), 51.42 (C-1), 54.84 (C-15), 65.78 (C-13), 155.49 (C-
14), 157.00 (C-2), 172.46 (C-9). 
4.7 Model reactions  
4.7.1 Reaction of O-phenyl urethane hexane with Bu2Sn(OCH3)2 
O-phenyl urethane hexane 66 (0.22 g, 1.01 mmol) and Bu2Sn(OCH3)2 (0.30 g, 1.01 
mmol) were reacted at 90-95 °C for 4.5 h in inert gas atmosphere. 
4.7.2 Reaction of hexamethylene bis(O-phenyl urethane) with sodium e -
aminocaproate 
Hexamethylene bis(O-phenyl urethane) 71 (1.0 g, 2.8 mmol) and sodium e-
aminocaproate 75 (2.14 g, 14.0 mmol) were dissolved in DMAc (5 mL). The reaction 
was performed at 95 °C for 2 h at normal pressure and for 2 h at reduced pressure (10-
2 mbar). During this time the phenol was removed from the reaction vessel by 
distillation. The residue was neutralized with 5% HCl solution, and the product was 
isolated by filtration. Yield: 82.5% 
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1H NMR (DMSO-d6): d = 1.37(m, 16H, H-12/13/6/5), 1.54 (m, 4H, H-4), 2.19 (tr, 4H, 
H-3, 3J = 7.2 Hz), 2.99 (m, 8H, H-7/11), 5.60 (s, 4H, H-8/10) ppm. 
13 C NMR (DMSO-d6): d = 24.75 (C-13), 26.42 (C-12), 26.48 (C-5), 30.06 (C-4), 
30.30 (C-6), 34.35 (C-3), 40.91 (C-7/11), 158.74 (C-9), 174.51 (C-2). 
4.7.3 Reaction of hexamethylene bis(O-phenyl urethane) with 3-amino-1-
propanol 
Hexamethylene bis(O-phenyl urethane) 71 (1.0 g, 2.80 mmol) and 3-amino-1-
propanol 53b (2.10 g, 28.0 mmol) were dissolved in DMAc (2 mL). The mixture was 
stirred at 90 °C for 1.5 h at normal pressure and 1 h at reduced pressure. Phenol was 
removed by distillation in vacuum. Yield: 86.22%  
 
HO N
H
N
H
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1H NMR (DMSO-d6): d = 1.30 (m, 4H, H-10), 1.39 (m, 4H, H-9), 1.55 (quin, 4H, H-
3, 5J = 6.6 Hz), 3.01 (dt, 4H, H-8), 3.09 (dt, 4H, H-4), 3.45 (tr, 4H, H-2, 3J = 6.3 Hz), 
4.08 (s, 2H, H-1), 5.55 (s, 4H, H-5/7) ppm. 
13 C NMR (DMSO-d6): d = 26.48 (C-10), 30.31(C-9), 33.75 (C-3), 37.07 (C-8), 40.92 
(C-4), 59.15 (C-2), 158.89 (C-6). 
4.7.4 Reaction of N-vinyl e -caprolactam with a diol 
N-Vinyl e-caprolactam 98 (1.00 g, 7.20 mmol) and ethylene glycol (2.33 g, 35.90 
mmol) were heated at 200 °C for 5.5 h. 
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13 C NMR (DMSO-d6): d = 18.98 (C-10), 23.34 (C-5), 29.02 C-4), 29.62 (C-3), 37.12 
(C-2), 40.47 (C-6), 60.32 (C-9), 69.01 (C-8), 79.13 (C-7), 176.32 (C-1) ppm.  
4.8 Preparation of polymers with desired functional group applying 
Carothers equation 
4.8.1 Preparation of linear poly(amide urethane)s with O-phenyl urethane end 
groups  
a-Hydroxy-w-O-phenyl urethane 55b (1.70 g, 5.5 mmol) and hexamethylene bis(O-
phenyl urethane) 71 (0.22 g, 0.61 mmol) were reacted at 90 °C with Bu2Sn(OCH3)2 
(5 wt.-%) in inert gas atmosphere. The polycondensation was performed for 2 h at 
normal pressure and 3.5 h at reduced pressure (10-2 mbar). Phenol was removed from 
the reaction vessel by distillation. The product was purified by dissolution in formic 
acid followed by precipitation into diethyl ether. The purified product was isolated by 
filtration, and dried at 50 °C in vacuum. Yield: 85.10% 
The same procedure was adopted to synthesize poly(amide urethane)s 72a, 72b1-b3 
using different molar ratios of a-hydroxy-w-O-phenyl urethanes 55a or 55b and 
hexamethylene bis(O-phenyl urethane) 71 (Table 3.5).  
4.8.2 Synthesis of three arm star shaped poly(amide urethane)s with O-phenyl 
urethane end groups  
a-Hydroxy-w-O-phenyl urethane 55b (1.68 g, 5.45 mmol), tris(2-phenoxycarbonyl-
amino-ethyl)-amine hydrochloride 73 (0.257 g, 0.473 mmol) and Bu2Sn(OCH3)2 (5 
wt.-%) were used for the polycondensation in bulk at 90 °C. The mixture was stirred 
for 2 h at normal pressure and 3 h at reduced pressure (10-2 mbar), and phenol was 
removed from the reaction vessel by distillation. For purification, the crude product 
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was dissolved in formic acid followed by precipitation into diethyl ether, and the 
purified product was isolated by filtration. Yield: 76.5% 
The same procedure was applied for poly(amide urethane) 74a (Table 3.6). 
4.9 Chain analogous reactions  
4.9.1 Synthesis of poly(amide urethane)s with carboxy end groups  
Poly(amide urethane) 72b3 ( nM  = 5000) (0.90 g, 0.548 mmol) and sodium e-
aminocaproate 75 (0.912 g, 5.96 mmol) were dissolved in DMAc (2 mL) to perform 
the chain analogous reaction. This reaction was performed at 100 °C for 2 h at normal 
pressure and 2 h at reduced pressure (10-2 mbar). During this time phenol was 
removed from the reaction vessel by distillation. The crude product was purified by 
dissolution in formic acid followed by precipitation into diethyl ether. Yield: 83.91%, 
nM  = 5250 
4.9.2 Synthesis of poly(amide urethane)s with hydroxy end groups  
Poly(amide urethane) 72b3 ( nM  = 5000) (0.90 g, 0.548 mmol) and 3-amino-1-
propanol 53b (0.39 g, 5.21 mmol) were dissolved in DMAc (1.5 mL) as a solvent. 
This reaction was performed at 90 °C for 2 h at normal pressure and 3 h at reduced 
pressure (10-2 mbar), and the phenol was removed by distillation. The crude product 
was purified by dissolution in formic acid followed by precipitation into diethyl ether. 
The purified product was isolated by decantation of solvents and dried at 50 °C and 
reduced pressure. Yield: 86.23%, nM  = 6000 
4.10 Miscellaneous reactions  
4.10.1 Disfavoured procedure to synthesize a -N-vinylamino-w-alcohol from N-
vinyl e -caprolactam  
N-Vinyl e-caprolactam 98 (5.14 g, 37 mmol) and 3-amino-1-propanol (14.60 g, 
194.67 mmol) were heated at 200 °C for 6.5 h. Excess of 3-amino-1-propanol was 
removed in vacuum 30-35 °C followed by precipitation of the residual amount into 
diethyl ether. The product was isolated by decantation of solvents, and dried at 50 °C 
in vacuum. 
 
 5 References 
   141 
5 References 
 
1   R. Higgins, “Powder Coatings”, Campden Publishing Ltd., U.K., 1998, p. 77. 
2   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
  Edition, Wiley-Interscience, New York 1999, p. 486. 
3   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second    
Edition, Wiley-Interscience, New York 1999, p. 488. 
4   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 208. 
5   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 213. 
6  T. A. Misev, “Powder Coatings Chemistry and Technology”, Wiley, New  
York 1991, p. 48. 
7   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 488. 
8   G. C. Fisher, L. M. Mckinney, J. Coat. Technol. 1988, 60(762), 39. 
9   Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 213. 
10  K. Kronberger, D. A. Hammerton, K. A. Wood, M. Stodeman, J. Oil Colour   
  Chem. Assoc. 1991, 74, 405. 
11  Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 489. 
12  S. P. Pappas and E. H. Urruti, “Proc. Water-borne Higher-Solids Coat.  
Symp.”, New Oreleans 1986, p. 146. 
13  J. S. Witzeman, Prog. Org. Coat. 1996, 27, 269.  
14  J. C. Kenny, T. Ueno, K. Tsutsui, J. Coat. Technol. 1996, 68(855), 35. 
15  T. A. Misev, “Powder Coatings Chemistry and Technology”, Wiley, New  
York 1991, p. 146. 
16  S. F. Thames, J. W. Rawlins, Powder Coatings 1996, 7(6), 19. 
17  T. A. Misev, R. van der linde, Prog. Org. Coat. 1998, 34, 160,; K. Blatter, B.  
Macfaden, M. Strid, F. Niggemann, Coatings World 1998, 3(2), 26. 
18  L. Kapilow, R. Samuel, J. Coat. Technol. 1987, 59(750), 39. 
 
 5 References 
   142 
 
19  Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 487. 
20  D. S. Richert, “Powder Coatings,” in Kirk-Othmer Encyclopedia of Chemical  
Science and Technology, Vol. 19, Third Edition, Wiley, New York 1982, p. 
11. 
21  L. Gherlonem T. Rossini, V. Stula, “Proc. Intl. Conf. Org. Coat”. 1997, p.  
127. 
22  K. Findeisen, K. König, R. Sundermann, “Houben–Weyl Methoden der  
organischen Chemie”, ed. by H. Barth, J. Falbe, Vol. E4, Thieme Verlag, 
Stuttgart 1983, p. 768. 
23  (a) DE 728.981 (1942), I.G. Farbenindusrtrie, AG, invs.: O. Bayer, H. Rinke,  
W. Siefken, L. Orthner, H. Schild; Chem. Abstr., 1944, 38, 381. 
    (b) O. Bayer, H. Rinke, W. Siefken, L. Orthner, H. Schild, Chem. Zentr. 1940,  
2, 1796.  
     (c) G. Oertel, “Kunststoff Handbuch: Polyurethane”, Vol. 7, Carl Hanser,  
München 1983. 
24  G. Oertel, “Polyurethane Handbook” Second Edition, Hanser Publishers 1993. 
25  (a) K. Moser, RIM und RRIM –Technologie einschliesslich Schäumanlagen.  
          Messebericht K ‘83’ Kunststoffe 73, 1983, 12, p. 764. 
     (b) The Society of the plastics Ind./Polyurethane Division: Partner in Progress,  
           “Proceedings of the SPI, 28th Annual Technical/Marketting Conference”, Nov.  
5-7, 1984, San Antonio, Texas; Technomic Publ., Lancaster, Pennsylvania   
17604/USA. 
     (c) K. Uhlig, Polyurethane/Polyurethane-Chemie. Messebericht K ‘86’  
Kunststoffe 77 1987, 2, p. 214.  
     (d) The Magic of Polyurethane: “Proceedings of the SPI, 28th Annual  
           Technical/Marketting Conference”, Oct. 23-25, 1985; Reno/Neveda, USA. 
     (e) The Voice of advancement: “Proceedings of the Polyurethanes World  
Congress”, Technomic Publ. Lancaster/Basel 1991. 
26  F. K. Brochhagen, O. Hutzinger, “The Handbook of Environemental  
Chemistry”, Vol. 3, Part G, Springer-Verlag, Berlin 1991, p. 73. 
 
 
 5 References 
   143 
 
27  G. Odian, “Principles of Polymerization”, Third Edition, John Wiley and  
Sons, New York 1991, p. 138. 
28  (a) W. Kern, H. Kalsch, K. Rauterkus, H. Sutter, Makromol. Chem. 1961, 44, 
 78. 
     (b) W. Kern, W. Thoma, Makromol. Chem. 1953, 11, 10. 
(c) W. Kern, W. Thoma, Makromol. Chem. 1955, 16, 89. 
(d) W. Kern, W. Thoma, Makromol. Chem. 1955, 16, 108. 
29  H. Zahn, M. Dominik, Makromol. Chem. 1961, 44, 290. 
30  H. Zahn, F. Schmidt, Makromol. Chem. 1960, 36, 1. 
31  (a) O. Bayer, Angew. Chem. 1947, 59A, 257. 
     (b) Y. Iwakura, Kobunshi Kagaku 1945, 2, 305; Chem. Abstr. 1950, 44, 5103. 
     (c) US 2806017 (1957), American Cyanamid Co., invs.: E. K. Drechsel;  
Chem. Abstr. 1958, 52, 792. 
32  H. Morawetz, “Polymer: The Origin and Growth of a Science”, John Wiley  
and Sons New York 1985. 
33  L. R. G. Treolar, “Introduction to Polymer Science”, Wykeham Publication  
1970. 
34  H. J. Fabries, Adv. Urethane. Sci.Technology 1978, 6, 173. 
35  K. Findeisen, K. König, R. Sundermann, “Houben –Weyl Methoden der  
organischen Chemie”, ed. by H. Hagemann, Vol. E4, Thieme Verlag, Stuttgart 
1983, p. 738. 
36  B. Brahm, W. Mormann, Makromol. Chem., Rapid Commun. 1988, 9, 175.  
37  S. Ozaki, Chem. Rev. 1972, 72, 457. 
38  (a) W. B. Hardy, R. P. Bennett, Tetrahedron Letters 1967, 8, 961. 
     (b) BE-PS 651876, American Cyanamide Co. 1966. 
     (c) NE-PS 6802765, Olin Mathieson Chem. Corp. 1968. 
39  S. Maier, T. Loontjens, B. Scholtens, R. Mülhaupt, Macromolecules  2003,  
 36(13), 4727. 
40  (a) W. E. Brown, F. Wold, Science 1971, 174, 608. 
     (b) R. R. Modesto, A. J. Pesec, Biochem. Biophys. Acta 1973, 295, 283. 
     (c) C. S. T. Tse, A. J. Pesec, Toxicol. Appl. Pharmacol. 1979, 51, 394. 
     (d) M. V. Ert, M. C. Battigelli, Ann. Allergy 1975, 35, 142. 
 
 5 References 
   144 
 
 
41  R. M. Versteegen, R. P. Sijbesma, E. W. Meijer, Angew. Chem. Int. Ed. 1999,  
38(19), 2917. 
42  F. Bachmann, J. Thiem, Trends Polym. Sci. 1994, 2, 425. 
43  F. Bachmann, J. Reimer, M. Ruppenstein, J. Thiem, Macromol. Rapid  
Commun. 1998, 19, 21. 
44  DE 3.111.093 (1982), BayerAG, invs.: H. Meyberg, K. Wagner, J. M. Barnes,  
H. Saluburg; Chem. Abstr. 1983, 98, 55354x. 
45  K. Kurita, S. Matsuda, Y. Iwakura, Makromol. Chem. 1981, 182, 1327. 
46  J. F. Kinstle, L. E. Sepuldeva, J. Polym. Sci., Polym. Lett. Ed. 1977, 15, 467. 
47  K. Kurita, S. Matsuda, Y. Iwakara, Makromol. Chem., Rapid Commun. 1980,  
1, 211. 
48  M. Sato, F. Komatsu, N. Takero, K. Mukaida, Makromol. Chem., Rapid  
Commun. 1991, 12, 167. 
49  S. K. Pollack, D. Y. Shen, S. L. Hsu, Q. Wang, H. D. Stidham,  
 Macromolecules 1989, 22, 551. 
50  P. J. Stenhouse, E. M. Valles, S. W. Kantor, W. J. Macknight,  
Macromolecules 1989, 22, 1467. 
51  (a) G. Rokicki, R. Lazinski, Angew. Makromol. Chem. 1989, 170, 211. 
     (b) N. Kihara, Y. Kushida, T. Endo, J. Polym. Sci., Part A: Polym Chem.  
1996, 34, 2173. 
     (c) N. Kihara, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 1993, 31, 2765. 
     (d) G. Rokicki, J. Czajkowska, Polimery 1989, 34, 141. 
     (e) O. Figovsky, J. Mandeleev Chem. 1988, 33, 31. 
     (f) H. Tomita, F. Sanda, T. Endo, J. Polym. Sci., Part A: Polym. Chem. 2001,  
39, 851. 
     (g) H. Tomita, F. Sanda, T. Endo, J. Polym. Sci., Part A: Polym Chem. 2001,  
39, 860. 
52  M. Pozo, V. Gotor, Tetrahedron: Asymmetry 1995, 6, 2797. 
53  F. Smitz, H. Keul, H. Höcker, Macromol. Rapid Commun. 1997, 18, 699. 
54  G. Rokicki, A. Piotrowska, Polymer 2002, 43, 2927. 
55  (a) J. Kušan, H. Keul, H. Höcker, Macromol. Symp. 2001, 165, 63.   
 
 5 References 
   145 
 
     (b) J. Kušan, H. Keul, H. Höcker, Macromolecules  2001, 34, 389.   
56  (a) S. Neffgen, H. Keul, H. Höcker, Macromol. Rapid Commun. 1996, 17,  
373. 
     (b) S. Neffgen, H. Keul, H. Höcker, Macromolecules 1997, 30, 1289. 
(c) T. Fey, Diplomarbeit, RWTH Aachen, Germany, 1998. 
(d) S. Neffgen, H. Keul, H. Höcker, Macromol. Chem. Phys. 1998, 199, 197. 
57  S. Neffgen, J. Kušan, T. Fey, H. Keul, H. Höcker, Macromol. Chem. Phys.  
2000,  201, 2108. 
58  L. Ubaghs, N. Fricke, H. Keul, H. Höcker, Macromol. Rapid Commun. 2004, 
25(3), 517.  
59  Z. W. Wicks Jr., F. N. Jones, S. P. Pappas, “Organic Coatings”, Second  
Edition, Wiley-Interscience, New York 1999, p. 196. 
60  H. Kothandaraman, A. Sultan Nasar, J. Macromol. Sci., Pure Appl. Chem.  
1995, A32, 1009. 
61  T. A. Potter, J. W. Rosthauser, H. G. Schmeler, “Blocked isocyanates in  
coatings: Proc. of the Water-borne and Higher-Solids Coat. Symp.”, New  
Orelans Feb. 5-7, 1986. 
62  (a) Z. W. Wicks Jr., Porg. Org. Coat. 1975, 3, 73. 
      (b) Z. W. Wicks Jr., Porg. Org. Coat. 1981, 9, 3. 
      (c) T. A. Potter, J. W. Rosthauser, H. G. Schmelzer, “Proc. Water-borne  
Higher-Solids Coat. Symp.”, New Orelans 1996, p. 492. 
63  J. J. Pitts, P. H. Scott, D. G. Powell, J. Cell. Plast. 1970, 6, 35. 
64  (a) S. Maier, T. Loontjens, B. Scholtens, R. Mülhaupt,  Polymer Preprints  
(American Chemical Society, Division of Polymer Chemistry)  2003, 44(1),   
115.  
     (b) T. Loontjens, B. Scholtens, S. Maier, R. Mülhaupt, Kunststoffe  2002,  92,   
83. 
65  W. Mormann, N. Tiemann, E. Turuskan, Polymer 1989, 30, 1127. 
66  J. Brandrup, E. H. Immergut, “Polymer Handbook”, Wiley-Interscience, New  
York 1975.  
67  H. R. Kricheldorf, E. Leppert, G. Schilling, Makromol. Chem. 1974, 175,  
1705. 
 
 5 References 
   146 
 
68  T. Kartvelishvili, A. Kvintradze, R. Katsarava, Macromol. Chem. Phys. 1996,  
197, 249. 
69  U. Peterson “Houben-Weyl”, E4 Kohlensäure-Derivate, fourth Edition, Georg  
Thieme Verlag, Stuttgart 1983. 
70  (a) M. Goyal, R. Nagahata, J. Sugiyama, M. Asai, M. Ueda, K. Takeuchi,  
Catal. Lett. 1998, 54, 29.  
(b) M. Goyal, R. Nagahata, J. Sugiyama, M. Asai, M. Ueda, K. Takeuchi, 
Polymer 2000, 40, 3237.  
     (c) M. Goyal, R. Nagahata, J. Sugiyama, M. Asai, M. Ueda, K. Takeuchi,  
Polymer 2000, 41, 2289. 
     (d) H. Ishii, M. Goyal, M. Ueda, K. Takeuchi, M. Asai, Macromol. Rapid  
Commun. 2001, 22, 376.         
71  S. M. Aharoni, “n-Nylons: Their Synthesis, Structure and Properties”, Wiley,  
Chichester 1997, p. 60. 
72  T. Fey, H. Keul, H. Höcker, Macromol. Chem. Phys. 2003, 204, 591. 
73  T. Fey, H. Keul, H. Höcker, e-polymers 2003, 001, 1. 
74  V. N. Ignatov, V. Tartari, C. Carraro, R. Pippa, G. Nadali, C. Berti, M. Fiorini,   
         Macromol. Chem. Phys. 2001, 202, 1941. 
75  K. Majerska, A. Duda, S. Penczek, Macromol. Rapid Commun. 2000, 21,  
1327. 
76  A. Kowalski, J. Libiszowski, A. Duda, S. Penczek, Macromolecules 2000, 33,  
 1964. 
  
Curriculum Vitae  
 
Name     Bhaskar Sharma      
Date of Birth    23.12.1976 
Place of Birth    Agra (India, “Indien”) 
Family Status    Single  
Primary Education: 
07/1981-06/1986   Vidhya Bhavan Shiksha Niketan, Agra. 
07/1986-06/1989   St. John’s Primary School, Agra. 
 
Secondary Education:  
07/1989-06/1993   Maharaja Agrasen Inter-college, Agra. 
 
Higher Education and Brief Career Summary 
07/1993-06/1998   St. John’s College, Agra affiliated to  
     Dr. Bhimrao Ambedkar University, Agra. 
      B.Sc (Bachelor of Science); 07/1993-06/1996 
     M.Sc (Master of Science); 07/1996-06/1998 
 
07/1998-12/1999                                Teaching in Shri Shiv Prasad Rashtriya  
Inter-college Acchnera, Agra. 
 
01/2000-05/2000 Working on an environmental project under the  
supervision of Dr. Ajay Tanejea, Chemistry 
Department of St. John’s College, Agra. 
 
06/2000-02/2001 Garg Stipendium of the German Wool Research 
Institute, Aachen, Germany. Research topic 
“New Synthetic Routes to Polyurethanes” 
under the supervision of Prof. Dr. H. Höcker.   
 
  
03/2001-03/2004 Scientific coworker in the working group of 
Prof. Dr. H. Höcker at the Deaprtment of Textile 
and Macromolecular Chemistry, RWTH 
Aachen, Germany, for the Ph.D work. Theme of 
the PhD work is “Synthesis and 
Characterization of Alternating Poly(amide 
urethane)s” on the grant support of DSM 
Research, Geleen, The Netherlands. 
 
24.03.04 Defence for the doctoral degree in natural  
science. 
 
Since 04/2004 Research associate in the group of Prof. Dr. M. 
Möller at the German Wool Research Institute, 
Aachen, Germany. 
 
 
 
 
 
 
 
 
 
 
 
 
Signature    Date    
 
